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ABSTRACT A 
An important scientific result of the interplanetary flight of the 

Mariner 2 spacecraft to the planet Venus was the collection of exten- 
sive detailed data indicating the presence of a constantly flowing 
“solar wind.” This Report describes the Mariner 2 solar plasma instru- 
ment and its predecessor, which flew on Rungers 1 and 2. Special 
emphasis is given to the discussion of a wide-range electrometer 
system stabilized by a dynamic capacitor. 

The instrument described here measures charged-particle energy 
spectra with a sensor consisting of a pair of concentric curved electro- 
static deflection plates terminated by an isolated Faraday collector cup. 
The collection rate of charged particles is measured with an electrom- 
eter whose wide dynamic current range is provided by a logarithmic 
compressor composed of one or two subminiature thermionic diodes 
operated in the retarded field region. The electrostatic field is con- 
trolled by a programmed high-voltage sweep amplifier that provides 
the deflection plates with voltages of equal magnitude but opposite 
polarity. 

The Report includes a history of preflight testing and calibration of 
the Mariner 2 flight instrument, in addition to some details of its flight 
performance. 

1. INTRODUCTION 

The Venus-bound spacecraft, Mariner 2, which was 
successfully launched on August 27, 1962, carried a 
group of instruments to perform interplanetary scientific 
measurements. One of these instruments was a solar 
plasma analyzer, a device capable of analyzing the energy 

This launching began an operational flight of 129 days, 
during which data from several instruments including 
the plasma spectrometer were continuousl~ monitored 
and evaluated for scientific disclosures and instrument 
performance. This Report describes the Mariner 2 plasma 
instrument with respect to its design and flight per- 

I 

’pectrurn Of the positive-ion component Of a suspected formance and also discusses aspects of its predecessor 
, solar wind. The usefulness of such solar plasma measure- flown on Rangers 

The study of fields and particles has occupied an im- 
portant place in the scientific program of recent years 

and 2. 
ments was to be notably complemented by concurrent 
magnetic field measurements performed by another in- 
strument, a magnetometer. 

1 
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for unmanned lunar and planetary exploration of space. 
Of particular interest in this area is the low-energy solar 
corpuscular radiation sometimes called solar plasma or 
the solar wind (Ref. 1, 2). The determination of the flux 
of these particles as a function of (1) their energy and 
direction of travel, (2) the magnetic field that ac- 
companies them, and (3 )  time is an essential step in the 
understanding of the physics of the solar corona, the 
modulation of cosmic rays, the distortion of the ter- 
restrial and lunar magnetic fields, and many solar- 
terrestrial phenomena such as magnetic storms, auroras, 
and time variation in the contents and extent of the Van 
Allen belts. Various theories of the solar corona have pre- 
dicted the direction of travel of the interplanetary plasma 
to be isotropic (Ref. 3) ,  radially away from the Sun (Ref. 
4, 5), or perpendicular to the ecliptic along a field line 
of a solar magnetic dipole (Ref. 6). The solar plasma 
was predicted to contain electrons, protons, and some 
heavier positive ions which have velocities near 300 
km/sec. The energy of most of the electrons in the 
plasma streams would then be a few electron volts, 
with positive ion energies in the kilovolt range. 

Measurement of this radiation by conventional meth- 
ods is made somewhat difficult by the fact that the 

2 

energies of these particles may be so low as to preclude 
penetration of even the thinnest of the thin-walled count- 
ers. For this reason, the detector system about which the 
instrumentation in this report is designed was chosen 
to provide an unobstructed collection path for those 
charged particles of interest. This detector is the curved- 
plate electrostatic analyzer. The formulation of experi- 
ments to be conducted with these plasma analyzers and 
the design of the electrostatic deflection plates have been 
the responsibilities of M. M. Neugebauer and C. W. 
Snyder of the Jet Propulsion Laboratory (JPL). 

The principal goals of these solar plasma experiments, 
in summary, were to perform interplanetary measure- 
ments to determine the extent of, and the variations in, 
the solar corona. A correlated engineering requirement 
was the development of an electronic system provid- 
ing, within the minimal weight and power allocations 
customary in these applications, stable and reliable per- 
formance over periods of time required to traverse 
planetary distances. An additional goal was to provide 
instrumentation capable of being used in various low- 
current applications. 
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II. FUNCTIONAL DESCRIPTION 

A. The Busic System 

The basic electrostatic system is illustrated in Fig. 1. 
Charged particles entering the instrument are deflected 
by an electric field approximately transverse to the par- 
ticle velocity. Those particles with a particular charge 
sign and within a certain range of energy per unit 
charge and a certain range of angle of incidence are de- 
flected through the curved tunnel onto the charge 
collector. Particles that enter the instrument with the 
wrong charge sign, energy per unit charge, or angle of 

lected. The energy distributions of both positively and 
negatively charged particles entering the device can be 
determined by varying the sign and magnitude of the 
deflection voltage. The charge collection rate is meas- 
ured at each energy level by a wide-range electrometer. 

I incidence strike the analyzer walls and are not col- 

DIGITAL 
PROGRAMMER 

t 
f v/2  
SWEEP 

5 v / 2  
GENERATOR ELECTROSTATIC 

DEFLECTION 

ELECTROMETER 

OUTPUT 
12 v 

COLLECTOR 
CHARGE 

 LOGARITHMIC 
FEEDBACK 

Fig. 1. Block diagram of basic solar plasma 
instrumentation 

B. Ranger 1, 2 Plusmu Instruments 

The primary mission of the first two Ranger space- 
craft was to test the performance of those functions and 
parts of the spacecraft necessary for carrying out subse- 
quent lunar and planetary missions using essentially the 
same spacecraft design. The secondary mission was the 
further determination of the nature of the particles and 
fields in interplanetary space. The plasma instruments, 
like most of the other Ranger 1, 2 instruments, were 
directed toward the study of certain solar-terrestrial re- 
lationships, such as the correlation between geomag- 
netic storms and the solar wind. 

One of the most important considerations in the Ranger- 
type spacecraft (the Mariner configuration is similar), 
is that the vehicle is attitude-stabilized in such a manner 
that the axis of symmetry (and thus the sensitive sur- 
face of the solar panels) points toward the Sun, and the 
plane that contains this axis and the high-gain antenna 
also contains the Earth (Fig. 2) .  

Six plasma detectors, each with an acceptance angle of 
approximately 15 deg, were situated on the spacecraft 
so as to point in six orthogonal directions: toward and 
away from the Sun, approximately forward and back- 
ward in the ecliptic, and approximately north and south 
of the ecliptic. The analyzers were assembled in pairs, 
and as seen in Fig. 2, the pair of analyzers pointing 
toward and away from the Sun was located on a boom 
intended to place the analyzers beyond the plasma sheath 
of the vehicle itself. The determination of the direction 
of particle travel was expected to make it possible to 
choose among the principal theoretical models for the 
interplanetary plasma. 

The basic Ranger assembly is outlined in the block 
diagram of Fig. 3. The electrostatic drive for the de- 
flection plates is supplied by a programmable high-volt- 
age sweep amplifier. By having the ability to change the 
polarity of the deflection plate voltages, this amplifier 
enables the deflection system to focus either electrons or 
positive ions onto the collector. The sweep program was 
selected to provide discrimination at four electron energy 
levels between and including 13.7 and 110 ev. Similarly, 
eight positive-ion energy levels between 13.7 and 5,490 
ev were to be monitored. 

1. Deflection Voltage System 

The high-voltage amplifier is programmed by a 4 X 13 
diode matrix which consecutively gates a reference volt- 
age to one of the 12 input resistors of the amplifier. The 
matrix is driven by a four-stage binary counter which 
accepts one pulse per 9 sec from the spacecraft Data 
Automation System (DAS). A reset pulse from the DAS 
every 120 sec recycles the counter for another measure- 
ment sequence. The measurement cycle is shown in 
Table 1. 

- 

The voltage drive for both pairs of deflection plates 
consists of an operational amplifier having wide dy- 
namic range, augmented by two subsidiary amplifiers 
for generation of stable low-voltage steps. This system 

3 
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4 

Fig. 2. Ranger I ,  2 spacecraft 
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Interval 
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Time, sec Operation 

0 to 9 

8 to 8.5 

Deflection voltages are set a t  step 1. 

Outputs of all six electrometers are 
simultaneously converted ta 8-bit digita 
form and stored by the DAS. 
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I 

-1 
I 13* - 

9 to 18 Deflection voltages are set a t  step 2, 
and data from interval 1 are 
commutated to the communications 
system at a standard telemetry 
transmission rote. 

10 consecutive Measurement procedures are the same 
as in the first interval. In each interval, 
data of the previous interval ore 
telemetered. 

9-sec intervals 

108 to 120 Deflection voltages are set a t  the step 
1 level, but the electrometers are not 
sampled in this period. 

I 

I 

INPUT: 
I pulse 9 sec 
FROM AS 

I 
I 

I 
COLLECTOR 

CUP 
6 

I PROGRAMMER I 

AMPLIFIER Y 

TO DAS 
ANALOG - 

. --4RITHMIC TO-DIGITAL 
CONVERTER 

AMPLIFIER 

~ ~ - 4  _ _ _ _ _  ~ _ _ _ _  + - - - - J  

EXTERNAL RESET FROM DAS DAS 

Fig. 3. Block diagram of the Ranger solar plasma instrument 

delivers programmed voltages of +lo0 to -1,OOO v dc 
and -100 to +1,000 v dc to the inner and outer plates, 
respectively. The differential voltages across the deflec- 

Table 1. Measurement cycle for Runger solar 
plasma instruments 

tion plates and the corresponding energy levels are 
shown in Table 2. 

Table 2. Particle energies corresponding to voltage 
across Ranger deflection plates 

Step number Deflection plate voltage 
(outer minus inner), v 

- 40 

- 20 

- 10 

- 5  

5 

10 

20 

65 

151 

365 

840 

2.000 

Particle energy, ev 

110' 

54.9. 

27.4' 

13.7' 

13.7b 

27.4b 

54.9b 

1 78b 

414b 

1,000b 

2,30Ob 

5,490b 

1 

2. Electrometer 

The current-measuring part of the instrument consists 
of a dual logarithmic current-to-voltage transducer and 

5 



JPL TECHNICAL REPORT NO. 32-492 

a dynamic capacitor-modulated carrier-type dc ampli- 
fier. The logarithmic device produces compression of 
both electron and positive-ion currents between 
and amp; for the deflection plate geometry being 
used, these currents correspond to particle fluxes ranging 
between 8.6 X lo4 and 8.6 X 10” cm-2 sec-l for each en- 
ergy interval. The compressed analog output is converted 
to 8-bit digital form for transmission accuracy. 

The twin-analyzer assemblies were produced in two 
forms. The two assemblies mounted on the superstruc- 
ture above the main, hexagonally shaped body of the 
spacecraft (Fig. 2)  each contained deflection systems 
whose apertures were 90 deg apart. The combined effect 
of having these two similarly constructed units on 
diagonal comers of the spacecraft was to produce four 
unobstructed analyzing views orthogonal to the axis of 
symmetry. The third assembly (illustrated in Fig. 4), 
which was extended from the vehicle a t  the end of a 
boom, contained apertures 180 deg apart for looking 
toward and away from the Sun. A compartment con- 
taining two electrometers, which is partially obscured in 
Fig. 4, is shown in Fig. 5. 

Fig. 4. 180-deg solar plasma analyzer used 
on the Ranger 

Rangers 1 and 2 were to be placed in “parking” or 
satellite orbits by Atlas-Agenu B launch vehicles. At the 
end of the parking orbits, the spacecraft were to be ac- 

6 

I I 

0 0 

Fig. 5. Dual electrometer compartment 

celerated from orbital velocity to nearly escape velocity 
in a direction away from the Moon (Ref. 7). Ranger 1 
was launched at 6:04 a.m. Eastern Daylight Time on 
August 23, 1961. The velocity increment needed to accel- 
erate the spacecraft into a highly eccentric orbit from 
the parking phase did not occur, and as a result, Ranger 1 
was placed in a low Earth orbit (Ref. 8). The solar 
plasma experiment produced data of little scientific or 
engineering value, owing to orientation problems and 
ionospheric interactions. 

C. Mariner 2 Plasma lnstrurnent 

During the time when Ranger 2 was being prepared 
for launch at the Atlantic Missile Range (AMR), a new 
passenger opportunity for a plasma instrument was pre- 
sented. Work was proceeding at this time on the assembly 
of an 1,100-lb spacecraft called Mariner that was to be 
launched toward Venus in the following year by the 
Atlas-Centaur vehicle. However, after one of the two 
years allotted between spacecraft inception and launch 
had elapsed, it was established that Centaur would not 
be available for the planetary launch opportunity. A 
new Mariner spacecraft was being formulated, based 
upon an abbreviated schedule and the lesser weight- 
lifting capability of the Atlas-Agenu. The new spacecraft 
was patterned after the Ranger system in terms of com- 
munication, guidance, control, and structure; however, the 
weight allocations for the components on the new space- 
craft were more restrictive than those for the original 
Mariner. Scientific hardware, for example, was limited 
to 44 lb. 
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Based upon allocations of 5 pounds and 1 watt, one 
of the most important questions asked at this time was, 
“How comprehensive an experiment can be performed 
with one analyzer where six were required for the 
Ranger 1 and 2 experiment?” Important observations 
made in March 1961 on Explorer X (Ref. 9, 10) sug- 
gested a radial flow of plasma from the Sun. With this 
valuable information, a single solar-oriented analyzer was 
proposed for Mariner. Subsequent approval required that 
the instrument be delivered within three months. The 
accelerated delivery requirement was considered realistic 
primarily because the Mariner package was patterned 
closely after the Ranger instrument. 

The Mariner instrument did, however, provide a val- 
uable opportunity for improving and updating the ex- 
isting design. The electrostatic deflection plates, for 
instance, were extended from a 90-deg sector curve to a 
120-deg curve. The ground rails separating the high- 
voltage plates were mechanically improved, and the 
collector-to-shield design was altered, thereby reducing 
collector-to-ground capacitance by 60%. The program- 
ming section of the instrument remained virtually un- 
altered, and deflection voltages were now supplied 
exclusively by the main high-voltage Ranger sweep 
amplifier. The new instrument was limited to positive-ion 
measurements of such energy levels as to make it possible 
to discard both positive and negative subsidiary am- 
plifiers. 

The sweep program is shown in Table 3 and the 
theoretical energy resolution and directionality are shown 
in Fig. 6, where the fraction of a beam of singly charged 
particles with energy E, incident at various angles 
on an analyzer, that reaches the collector cup is plotted 
vs. E/E,.  The energy E,  is that required for a trajectory 
with a constant radius of curvature for normally incident, 
singly charged particles. The value of E,  for the spacing 
and the 120-deg circular-sector geometry of the Mariner 
plates is four times the deflection voltage (Ref. 11, 12). 

The electrometer made compressed measurements of 
only positive-ion current, thereby dispensing with a 
vacuum tube and its battery-operated filament- current 
supply. Other modifications of the electrometer circuit 
were as follows: 

1. Nonlinear secondary feedback was introduced, re- 
sulting in improved low-current transient response. 

2. A 10-lo amp in-flight calibration was added. 

3. A discriminator circuit was added to prevent ampli- 
fier saturation due to negative background current. 

Table 3. Solar plasma particle energies corresponding 
to Mariner 2 deflection plate voltages 

step level deflection plates, v 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

60 

90 

132 

196 

290 

425 

630 

950 

1,400 ’ 

2,100 

-1.4 

- 1.4 

‘low-energy and background measurement. 
’Electrometer calibration. 

Energy E, of 
particles reaching cup, ev 

240 

360 

528 

784 

1,160 

1,700 

2,520 

3,800 

5,600 

8,400 

- 
b - 

0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.2 

RELATIVE ENERGY €/Ec 

Fig. 6. Calculated Mariner 2 solar plasma experiment 
response as functions of particle energy and 

incident angle 
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4. An improved dynamic-capacitor modulator was 

5. Modulator excitation was now supplied by a self- 

The Mariner version of the plasma instrument is 
shown in Fig. 7 on board the Mariner 2 spacecraft. It is 
shown once again in a somewhat less obscured view in 

used. 

resonant electro-acoustical oscillator. Fig. 8. 

Fig. 7. Mariner 2 spacecraft 
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Fig. 8. Mariner 2 solar plasma instrument 
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111. THE ELECTROMETER SYSTEM 

The basic form chosen for the electrometer system is 
the conventional operational amplifier configuration. The 
usual high-gain inverting amplifier is present but with 
certain external differences. The feedback element, us- 
ually a single resistor, in this case contains a more 
complex nonlinear circuit. The input resistor of the 
operational amplifier and its associated voltage source 
are replaced, in this application, by a current source of 
virtually infinite impedance. This amplifier configuration 
is popular in electrometer measurements because the 
small input ( or summing-point ) potential and small var- 
iations thereof minimize effects of input leakage resist- 
ance. Similarly, effects of input-to-ground capacitance 
upon the speed of response are also minimized. 

The camer-amplifier approach was pursued because 
input-modulating comparators of the dynamic capacitor 
variety offered such attractive prospects as high resist- 
ance, stability, and long life expectancy. Furthermore, if 
the modulator parameters were properly chosen, the need 
for a vacuum-tube input to the carrier amplifier would 
be eliminated. In addition, if the modulator frequency 
were made sufficiently high, the electrometer speed of 
response would not be severely limited by amplifier band- 
width, which would also be commensurately higher. 

The choice of a nonlinear thermionic device for the 
principal feedback element was influenced by such con- 
siderations as dynamic range, simplicity, and familiarity. 
The dynamic current range requested by the experiment- 
ers was 7 decades-between and amp. The dy- 
namic voltage range of the amplifier was forecast to 
be about 3 decades, limited at the high end by power 
supply voltage and at the low end by amplifier stability 
and the accuracy of analog-to-digital conversion. The 
more complex, though nonetheless appealing, technique 
of automatic switching of feedback resistors could not 
be used in view of project exigencies. 

The stability of the static characteristic of the 
amplifier-compressor system was then realized to be pri- 
marily a function of the stability of the feedback tube. 
Regardless of this masking effect, the development of 
the capacitive modulator-stabilized amplifier was con- 
sidered thoroughly worthwhile. The availability of a 
reliable modulator-amplifier combination would fulfill 
that perennial requirement for a system capable of pro- 
viding low-threshold, fast, accurate, and long-lived mea- 
surements. 

A. The Logarithmic Compressor 

One of the simplest and most usable of nonlinear 
vacuum-tube devices is the logarithmic diode. This sec- 
tion of the Report describes two innovations to standard 
applications of logarithmic diodes as follows: 

1. Emission stabilization by use of a low-voltage 
filament-current regulator. 

2. Connection of two diodes and a battery, or its 
equivalent, in such a manner as to produce two 
distinguishable logarithmic calibration segments, 
i.e., one segment each for positive- and negative- 
polarity currents. 

1. Unipolar Circuit 

One of the simplest and most usable of nonlinear 
vacuum-tube devices is the logarithmic diode. If the 
voltage V, on the diode shown in Fig. 9 were set at 
zero by shorting the plate to the ground-referenced side 
of the filamentary cathode, a current I,, would flow. 
This initial-velocity electron current decreases upon the 
application of a negative plate voltage. For this reason 
the second-quadrant portion of the characteristic shown 
in Fig. 9 is sometimes called the retarding field region. A 
number of subminiature electrometer tubes were inspect- 
ed in this region, many of which displayed almost flaw- 
less exponential characteristics of the form I ,  = I ,  eavP 
below I , .  Many of the I,'s were in the range of 
to amp. The CK5886 subminiature pentode, a verit- 
able work-horse of electrometer applications, was chosen, 
and both screen and control grids were tied to the plate 

i 
Fig. 9. Thermionic diode and associated characteristic 
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Battery 
voltage, v 

4.0 

3.5 

3.0 

2.5 

2.0 

Table 4. Performance of filament current regulator 

11, ma 

At +75"C At +25"C At -1OOC 

10.15 10.10 10.30 

10.07 10.03 10.10 

9.95 9.87 10.00 

9.70 9.69 9.80 

9.60 9.47 9.65 

4 v  
i- 

10 ma 

2 N 4 1 7  

n 43n 
12 ma 

DIODES ARE S I L I C O N  

Fig. 10. Filament current regulator 

to produce a diode connection. Extensive tube evalua- 
tions conducted under varying temperatures soon con- 
firmed the desirability of having filament emission 
controlled with a constant-current regulator. This circuit, 
as shown in Fig. 10, affords low-voltage current regula- 
tion usually not available with series voltage-dropping 
resistors. An important feature of the regulator is that 
the emitter diode voltage of the germanium transistor 
is small enough compared with the drop across the 
adjacent silicon diode to permit inclusion of an important 
degeneration resistor in the transistor circuit. Probably 
more important still is the temperature tracking of the 
emitter diode and silicon diode voltages. The circuit has 
a current regulation of approximately 2% over a -10 to 
+75"C temperature range. Its regulation is such that 
current variations are 8% of input voltage variations at 
the nominal 4 v. Regulator performance is shown in 
Table 4. 

During preliminary tube evaluation it was observed 
that drifts in plate voltage under conditions of constant 
plate current, but varying filament current, were often 
as much as three times smaller when measured with re- 
spect to the negative side of the filament than when 
measured with respect to the positive side. This effect, 
though not fully understood, is the principal reason for 
referencing the nonstandard negative side of the filament. 
Connecting the same vacuum tube in its triode configura- 
tion makes it far less sensitive to cathode temperature 
changes (Ref. 13). The triode, however, is sensitive to 
plate voltage variations. The sensitivity of plate current 
to plate voltage variations for a CK5889 may be shown 
to be approximately 0.1 decade/l% change in V, when 

Zrn = 10-lo amp 

and 
V, = 5 . 2 ~ .  

Although the comparison is not exact, a similar tube, 
the CK5886 connected as a diode, produces the following 
filament-induced variation: 0.05 decade/l% change in 
Z, when 

Zi, = amp 

and 

I f  = 10 ma. 

The diode connection was selected because of its 
2-terminal character and its consequent amenability to 
being used in the feedback leg of a fast operational 
amplifier. The filament current regulator, in addition, 
reduced variations in the static characteristics of the 
CK5886 tube to an acceptably low level. 

2. Bipolar Circuit 

If it is desirable to measure currents of both polarities 
over similarly wide ranges, the notion of using two 
logarithmic diodes in opposing directions becomes very 
appealing. Consider what happens when two diodes are 
connected back-to-back, i.e., plate 1 to filament 2; plate 
2 to filament 1. To satisfy the loop voltage equation, 
both plate voltages should be equal and of opposite po- 
larity (VPl = -VP2). In the case of tubes having identical 
characteristics, the plate voltages become zero. For closely 
matched tubes, the circulating current will therefore be 
close to lo, a value large enough to mask the effects of 
smaller external input currents. When it becomes neces- 
sary to reduce the circulating current, a biasing arrange- 
ment such as that shown in Fig. 11 may be used. The 
dc voltage V B  may then be made large enough to reduce 
the circulating current i, to a value equal to or less than 
the threshold input current. The resultant characteris- 

11 
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node was connected to the summing point of the invert- 
ing dc electrometer amplifier, and the formerly grounded 
connection was connected to the amplifier output. An 
ideal amplifier having zero drift, infinitesimal error po- 
tential, and zero input leakage, among other qualities, 
would force the input current through the feedback cir- 
cuit and as a consequence produce an output character- 
istic (Fig. 12b) that was a mirror image of the original 
(Fig. 12a). To remain safely within the sampling range 
of the analog-to-digital converter that followed the am- 
plifier, a small translational offset V D  was inserted. The 
electrometer system with the feedback arrangement as 
used on the Ranger is shown in Fig. 13 and the cor- 
responding translated curves are shown in Fig. 12c. 

The filament supply was the most formidable problem 
connected with the logarithmic electron-current measure- 
ment. Although identical regulators were used, the trans- 
former-rectifier supply used on the filament near the 
amplifier output could not be used for the filament at 
the input. For reasons of dc and ac isolation, a con- 
ventional insulated mercury-cell battery pack was used 
for the input filament of each of the two adjacent elec- 
trometers that appeared in each assembly. Each battery 
pack, capable of delivering two separate 50-mw loads 
for about 700 hr, weighed 3 lb. The penalties paid for 
the range and simplicity of this electron measurement 

Fig. 1 1. Bipolar logarithmic current-to-voltage 
compressor 

- 
( 0 )  FEEDBACK-REFERENCED COMPRESSOR 

WITH OFFSET VOLTAGE Vo 

( a )  ( b )  ( c )  
( 0  GROUND- REFERENCED OUTPUT 
( b )  FEEDBACK-REFERENCED O U T P U T  
( C )  FEEDBACK-REFERENCED OUTPUT WITH O F F S E T  

Fig. 12. Bipolar logarithmic characteristics 

tic, as shown in Fig. 12a, would be produced with V, = 
3.75 where both tubes have representative semilog slopes 
of 250 mv per current decade and Z,’s of amp. 

To adapt this circuit to the form used on the Ranger, 
the circuit of Fig. 11 was transposed so that the input 

<“ct, CURRENT BIAS 

I I OUTPUT 0 

( b )  BIASING ARRANGEMENT 

Fig. 13. Bipolar logarithmic electrometer 
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were in the weight of the battery pack and in the 
reduced pre!aanch operational replacement flexibility. 

3. Dynamic Equivalent Circuit 

An important exercise for circuit applications is the 
exposition of an equivalent network representing an 
accurate dynamic model of the logarithmic diode. This 
,network enters into calculations for electrometer speed 
of response and into the formulation of feedback poly- 
nomials used in the determination of closed-loop stability. 

A good approximation to the characteristic produced by 
the diode used in the logarithmic compressor is (Ref. 14) 

where 

Zp = plate current 

Z = total emission current 

V, = plate-to-filament voltage 

E, = contact potential 

q = electron charge 

K = Boltzmann constant. 

Both E, and I may be omitted by reintroducing I, as the 
plate current at zero plate voltage (since the relation does 
hold for this tube): 

or 

KT I ,  
V ,  = -In-. 

4 Io 
(3) 

The resistance of the diode may be written 

The slope of the semilog characteristic may be written 

Most of the 5886 diodes operating at filament currents 
of 10 ma displayed characteristics having about 230 mv 
per current decade. Applying this information, accord- 
ingly, to the last equation, 

In 10 
0.230 

M = - = 10. 

Using this approximation, the resistance may be written 

This expression is valid so long as the input current is 
static or varies slowly. If input current fluctuates rapidly, 
the equivalent instantaneous plate current will be dif- 
ferent owing to interelectrode capacitance effects as sug- 
gested in Fig. 14. Lower-case terms are used here to 
denote transient or dynamic values of current, in which 
case i, and ii, are not necessarily equal on an instantane- 
ous basis and may conceivably be of opposite polarity. 

rvp 1 
F I L A M E N T  

ro= l / lO ip  
P L A T E  

L Z  'in 

co= 5 p f  

RLK LEAKAGE RESISTANCE 

ro D Y N A M I C  DIODE RESISTANCE 

Co INTERELECTRODE CAPACITANCE 

Fig. 14. Dynamic equivalent circuit of a loaarithmic 
diode 

Effects of expected extremes in ambient or mounting 
temperature (273 to 343°K) are attenuated to a good 
degree by a comparatively stable and high filament 
temperature (1260°K as calculated from the expression 
T = q / K M ) .  

6. The Electrometer Amplifier 

Since the instrument that was flown on Mariner 2 
was a refined version of the Ranger instrument, the 
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discussion in this Section will bear mainly on the elec- 
trometer amplifier used in the Mariner 2 solar plasma 
instrument (see Fig. 15). 

1. Detailed Description 

If the main feedback loop is inspected in a counter- 
clockwise direction starting at  the input, the first element 
of interest is the dynamic capacitor assembly. This modu- 
lator was developed for JPL through a series of con- 
tracts with the Applied Physics Corporation of Monrovia, 
California. The device is mechanically resonant near 
2,400 cps (Qm = 200) and is driven at this resonance by a 
tuned Class C amplifier (Ref. 15). The capacitor-drive 
oscillator loop is completed with a lead titanate vibration 
transducer, which is affixed to the vibrating reed element. 
Following the modulator are a one-stage low-noise ac 
preamplifier and a 3-stage ac postamplifier. The carrier 
signal is then half-wave demodulated with a transistor 
switch. Direct-coupled amplification and filtering are 
performed by a 4-stage Miller-type filter amplifier. The 

C O L L  

loop is then closed with a single logarithmic diode and 
its associated 10-ma current regulator. An offset voltage 
used in the flight instrument is not shown in the block 
diagram of Fig. 15. 

Since the dynamic resistance of the feedback element 
may vary as many orders of magnitude as may the mea- 
surable input current, it was decided to augment the main 
loop with a secondary loop for purposes of nonlinear 
damping. The notion of an efficient single linear net- 
work correction for fast, stable operation in this system 
over a 7-decade current range still remains a pleasant 
fantasy. 

A comparator that is referenced at a pre-saturation 
voltage has been provided to preclude saturation of the 
amplifier, an event that could occur in the presence of 
small negative background currents. When this refer- 
ence level has been exceeded, an input current source, 
which doubles as a calibration current, is activated, 
thereby bringing the electrometer to a midrange voltage. 

D R I V E R  
1 

C A L I B R A T I O N  
CIRCUIT,  

D C  
COMPARATOR 

C A L I B R A T I O N  
S I G N A L  

F I L A M E N T  
R E G U L A T O R  + R E F E R E N C E  

O U T P U T  

d 

Fig. 15. Mariner 2 electrometer block diagram 
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2. Design Choices 

A figure of 1,000 was selected as the requirement for 
dc gain between the input and the output. If one neglects 
the effects of leakage current and resistance, the figure 
of 1,000 becomes the dc feedback factor. This standard 
of amplifier tightness limits dynamic deviations to 0.1% 
of the output as obtained with infinite gain. 

The portion of this over-all gain incorporated into the 
carrier section was determined principally by considera- 
tions of noise and dc stability. The gain had to be made 
large enough to adequately minimize the effects of drifts 
in the demodulator baseline and the dc amplifier as seen 
at the electrometer input, but not so large as to permit 
input noise to drive the output stage of the ac amplifier 
into nonlinear operation. A representative gain of 35 
for GI (see Fig. 15) reduced drifts from the dc section 
to the order of 1 mv as observed at the electrometer 
input. Noise at the output of the ac amplifier was about 
100 mv rms within a linear dynamic capability of +2.5 
and -6 v. 

Since the transformer-rectifier power supply for the 
instrument was driven by a 50-v, 2,4OO-cps, square-wave 
source, it was certain that at least small amounts of 
2,400-cps energy would be present in the carrier ampli- 
fier. The Ranger modulator was driven at the spacecraft 
power frequency, also 2,400 cps, and the ac amplifier, 
which was designed accordingly, was retained for the 
Mariner electrometer. The self-resonant dynamic capaci- 
tors used for Mariner were, therefore, ordered with 
mechanical resonances sufficiently displaced from 2,400 
cps as to minimize internal beat-frequency signals. 

The ac preamplifier presented one of the most likely 
areas for innovation. The question was whether the 
parameters of the customary vacuum-tube preamplifier 
could be replaced by those of a transistor. The number 
of stages needed for the carrier section turned out to 
be about the same both for a high-input impedance boot- 
strapped amplifier and for conventional low-input imped- 
ance common-emitter amplifiers. The low-impedance 
connection, as embodied in the circuit of Q1 in Fig. 16, 
was finally used. This circuit, as one might suspect, 
predated the commercial availability of field-effect tran- 
sistors. The current gain of the carrier amplifier was 
significantly increased by a current step-up transformer 
( n  = 14:l) interposed between the preamplifier and the 
dynamic capacitor. The primary impedance, which was 
n2 times the amplifier input impedance, was still relatively 
small compared with the capacitive source reactance of 
the dynamic capacitor. A phase-stable current gain of 

14 could, therefore, be expected without increasing the 
noise component at the output of the carrier amplifier. 
Several germanium and silicon transistors were inspected 
in unloaded models of the preamplifier. The 2,400-cps 
gains of this highly degenerative circuit were experi- 
mentally confirmed to be equal, and then the output 
noise content was inspected. The germanium 2N417 was 
selected for the application because of its superior noise 
performance as observed through this empirical proce- 
dure. The chief safeguard against high-temperature sat- 
uration of the transistor caused by collector leakage is 
the diode CR2, whose I , ,  characteristic is matched to 
that of the transistor to at least 70°C. The preamplifier 
bias configuration presented an optimum thermal sta- 
bility ( S I ,  = 1) along with reduced gain to l/f noise. 

All amplifier elements within the main loop contained 
some local feedback. The oscillator that drove the dy- 
namic capacitor, in fact, had a temperature-sensitive 
amplitude variation designed to maintain a more con- 
stant modulation conversion efficiency than would ordi- 
narily be obtained with a constant drive voltage. 

3. Gain 

a.  Carrier Amplifier. The first element entering into 
the gain equation for the carrier section is the dynamic 
capacitance ( C ,  in Fig. 17). Briefly reviewing the theory 
of operation of this modulator (Ref. 16), consider the 
elements Vi,,, R2, and the dynamic capacitor as shown in 
Fig. Ha, with the output of C, open-circuited in this 
example. Treating the capacitor as a parallel-plate device, 
its value may be written 

EOA c, = - 
d (5)  

where 

A = area 

d = separation between plates 

E,, = dielectric constant of free space. 

If one of the plates is sinusoidally driven at a frequency 
f such that its separation from the other plate is 

(6) d = do [1 4- (Ad/do)  sin ut] , 

the varying capacitance may then be expressed 

CO - - &oA c, = do [l 4- (Ad/do)  sin ot] [I 4- (Ad/&) sin ot]  

(7) 
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where Co is the rest capacitance. In the general case 
where 

Rz Co >> 

a constant charge 

is built up across the capacitor, C,. The combined aver- 
age, plus modulation voltage produced, is given by 

Vi, C, [l + ( A d / d o )  sin ut1 v = -  Qo - - 
C, co 

= Vi, [l + ( A d / d , )  sin ut] . (9) 

The conversion efficiency qc is the figure of merit de- 
scribing the efficiency of dc-to-ac conversion and is de- 
fined as follows: 

Representative parameters and component values for the 
Mariner 2-type modulators are as follows: 

by the “Triplet” ac amplifier, the impedance may rise 
from 1 K to about 2.5 K with a small amount of reactive 
detuning present. Neglecting the effect of RZ, the open- 
circuit preamplifier output voltage El( , , )  may now be 
calculated from the circuit of Fig. 18c. In this circuit, 
the source impedance in ohms is given by 

where 

Xg = Xo + XA + X z  = 2.64 X lo6 

X z  = 0.31 X lo6 (Cz  = 220 pf) 

and the primary input impedance is given by 

R, GZ 0.2 X lo6. 

The primary current, i,, is given approximately by 

qc = 10% 

and 

f o  = 2,350 cps 

X ,  = 1.36 X lo6 

Therefore 
Co = 50 pf 

where Ca is a high-quality vacuum dielectric capacitor 
built into the modulator assembly, and f o  is the mechani- 
cal resonant frequency at which the reed is driven. 

An ac approximation to the dynamic capacitor circuit, 
shown in Fig. 18b, replaces the dc source Vi, with the ac 
generator qcVin, and replaces the nonlinear C, with a 
source capacitance C,. The feedback resistor R12 pro- 
vides degeneration in the preamplifier and at the same 
time presents a suitably small termination to the trans- 
former secondary. The nominal impedances of the trans- 
former are 200 K and 1 K for the primary and secondary, 
respectively. The secondary impedance as shown by the 
Miller equivalent in Fig. 18b and c is indeed about 1 K. 
Under actual conditions when the preamplifier is loaded 

X ,  = 0.97 X lo6 

and 

According to the equation 

E i c o c ,  n El, 
~ E -  l VcVin 1 - x ,  

the gain at 2,350 cps is calculated to be 0.25. In a test 
performed on the circuit of Fig. 18, the dynamic capaci- 
tor assembly was replaced by a 27-pf series capacitor, and 
a generator simulating the signal vCVin was connected 
to the input. The gain of this circuit vs. the frequency is 
shown in Fig. 19. The output impedance of the pream- 
plifier was measured to be 5 K at 2,350 cps. 

The triplet amplifier is a 3-stage, direct-coupled, 
feedback-biased cascade. At the carrier frequency, a 
substantial portion of the feedback used to bias the 
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- - 

DEMODULATOR 

Fig. 17. Simplified diagram of carrier section 

R12 

4 (oc) 
“in 

- - 
- - 

(01  MODULATOR-PREAMPLIFIER CASCADE 

(b) EQUIVALENT O F ( a )  

( C )  REDUCTION O F ( b )  

4 (oc) = f CYn) 

i d )  FINAL REDUCTION 

Fig. 18. Reduction of modulator-preamplifier cascade 
to Thevenin equivalent circuit 

amplifier at dc is disconnected by the shunt capacitor 
C6. The resultant circuit is shown in Fig. 20, together 
with its equivalent driving source. 

0.80 

0.50 

0.30 
1- 
f+ 
\ g 0.20 
lu- 

z a 
w 0.10 

- 
v 

W 

W 

5 
9 

0.05 

0.02 0.03M 300 

FREQUENCY, cps 

Fig. 19. Plot of preamplifier gain vs. frequency 

The gain of an operational amplifier may be expressed 
in the following general form: 

where 

p = portion of output returned to summing point 

AP = feedback factor 
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- Ki = closed-loop gain with infinite feedback factor. 

In the circuit of Fig. 20a 

Using circuit values of 

R24 = R25 = 10' 0 

R 2 2  = 220 Q 

ZO1 = 5 X lo3 at 2,350 cps 

A, = -w x 103 

and 

zi, = 15 x 103 0 

(both ZoI and Zi, are considered resistive), one obtains 

K~ = 9.1 x 103 

pz = 8.25 X 

and 

If A& contained no phase shift, the triplet gain, as de- 
termined from Eq. (12), would be 6.14 X lo3. Compari- 
sons of measured and calculated values for carrier gains 
at 2,350 cps are shown in the following table. 

Element Calculated gain Measured gain 

Preamplifier 0.25 0.20 

Triplet amplifier 6.14 X 10' 5.2 X 10' 

Cascade 1,540 910 

Response of the entire cascade with respect to fre- 
quency is shown in Fig. 21. The low-frequency slope of 
12 db/octave is composed of two equal contributions: 
one 6-db/octave rate from the capacitive source reac- 
tance to the transformer and another similar effect from 

3 
GAIN OF ENTIRE CARRIER CASCADE 

0 MAR/NEr? 2 V A L U E S  
4,000 

@ ALTERED VALUES AS FOLLOWS 

C6 0.022 p f  - I.Opf 
C7 60pf - 150pf 
Cs 100pf- REMOVED 

2,000 

400 1,000 IQOOO 

FREQUENCY, cps 
(a)MIDBANO EQUIVALENT CIRCUIT 

Fig. 21. Carrier amplifier performance curves 

the network coupling the preamplifier and the triplet. If 
the preamplifier output impedance ZO1 were constant, 
one might expect a characteristic that would still be 
rising 6 &/octave at the carrier frequency. This imped- 
ance, because it is affected by the preamplifier source 
impedance, is actually rising with frequency at 2,350 cps 
and is the principal cause of flattening as seen in Fig. 21. 

- - 

(b)@ NETWORK FOR LOOP TRANSMISSION EPUATION 

Fig. 20. Triplet amplifier 
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b. Demodubtor. The ac signal from the carrier ampli- 
fier is reconverted to dc by means of synchronous detec- 
tion. The signal Ein  in the equivalent circuit of Fig. 22 
represents the open-circuit output voltage of the triplet 
amplifier. The series element R, is a composite of R27 
(see Fig. 16) and the output resistance of the triplet am- 
plifier. The synchronous switching in this example is 
performed by the transistor Q5 while R67, the input re- 
sistor to the dc filter amplifier, is closely approximated in 
the equivalent circuit by the ground-connected R2. The 
physical series resistor that is part of R,  must be made 
large enough to limit the maximum chopped currents in 
the shunt switch (i, in Fig. 22c) and prevent the triplet 
amplifier from cutting off on its positive swing. On the 
other hand, this resistor must not be made so large as to 
seriously attenuate the signal to the dc amplifier. Inter- 
position of a voltage step-up transformer between the 
triplet and the demodulator would have the effect of 
multiplying the component of R,  due to triplet output 
resistance by the square of the turns ratio. To preserve 
high detection efficiencies it then becomes necessary to 

C *I 

( a )  E Q U I V A L E N T  C I R C U I T  

( C )  CAPACITOR 
CURRENT 
cq c >> I/Z n 

r\ 
CLOSED 

Q 

Fig. 22. Demodulator and associated waveforms 

elevate the impedance levels in the amplifier following 
the demodulator. 

Maximum detection efficiency is produced at drive-to- 
signal phasings of 0 and 180 deg. At intermediate phas- 
ings, efficiencies are described by the cosine of the 
drive-signal phase angle. Two important aspects of de- 
modulator performance that will be discussed here are 
the efficiency and the low-pass frequency response of 
the idealized capacitor-coupled demodulator as charac- 
terized by the circuit of Fig. 22a. In both cases a 180-deg 
chopping duration, phased for maximum efficiency, will 
be assumed. 

The output developed across the synchronous switch 
is made up of two components, signal and pedestal, both 
of which are attenuated by the factor R2/(R1 + R2). The 
pedestal is attributable to a dc voltage retained by the 
coupling capacitor as though it were the output filter of 
a rectifier system. 

To determine the value of the output pedestal and 
finally of the aggregate output, it is first necessary to 
determine the steady-state voltage developed across the 
capacitor. The voltage across the capacitor, uc, at the end 
of one cycle of signal demodulation may be written 

where 

ucl = capacitor voltage at start of cycle 

i, = capacitor current during switch closure 

i b  = capacitor current during switch opening 

E, sin ut - ucl 
- - 

Ri + 
The assumption made in writing the current equations 
is that uc does not significantly change its value during 
the cycle. If the system has reached equilibrium, 0, must 
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equal uCl at the end of the cycle, and Eq. (14) may be 
rewritten 

Substituting i, and ia in Eq. (15) and integrating, the 
steady-state capacitor voltage u, may be written 

The average full-cycle output voltage may then be deter- 
mined by adding the average half-cycle pedestal and 
signal voltages, dividing by 2, and multiplying by the 
resistive attenuation as follows: 

2R1 + R, 

Since input modulation efficiency was described as the 
ratio of rms voltage to dc input voltage (Eq. lo), it be- 
comes convenient in completing the gain calculation for 
the carrier section to define the demodulation efficiency 
vD in inverse terms, i.e., 

2 Rz - 
- : 5 2 R 1  + RZ) 

0.9 R, - - 
2R1 + R,  

In the circuit of Fig. 16 

R,  = R,, = 4.7 K 

5.6 K 
3.06 

= 2.4 K t - = 4.2 K 

22 

and 

The dc voltage gain of the entire carrier section may 
then be written 

The laboratory model on which many of these tests were 
run, like the flight electrometers, had its carrier gain 
adjusted with R,, to a nominal value of 35. Using the 
measured value of GA, (910) and the calculated value of 
vD for the sake of illustration, the dynamic capacitor 
conversion efficiency producing the requisite gain of 35 
is calculated to be 12%. 

It is interesting to note that when a signal suddenly 
appears at the output of the triplet amplifier, only the 
signal component is transmitted at first. The pedestal 
component, however, builds up in accordance with the 
charging of the capacitor. The effect on the carrier en- 
velope or on the average demodulated signal, in a low- 
pass sense, is that of a network producing a phase-lag 
doubIet. This variation of vs. frequency and the 
attendant low-pass phase shifts are discussed in the fol- 
lowing paragraphs. 

The general expression for incremental capacitor volt- 
age in a system that has not reached equilibrium is given 
in Eq. (15), except that Au, is not zero. Substituting i, 
and i b  in Eq. (15), the incremental buildup across the 
capacitor during one cycle may be written 

volts/period (20) 
OC R,  Rl + R, 

+- -- 
2 E p  I. 

or 

-%( 2R,+ R, ) 
-.=- 
At 2C Ri (Ri + Rz) 

+ 1 Rz 1 volts/second. (21) 
TC R , ( R i  + Rz) 
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If the time required for the capacitor voltage to build up 
is long compared with a carrier signal period, Eq. (21) 
may be written in the following differential form: 

where 

v,  = capacitor voltage at t sec after introduction of 
a sine wave signal having a peak voltage E, 

Rl (El + R,) 
2R1 + R, 

Ri (Ri + Rz) 
R2 

R, = 

R, = 

Rewriting Eq. (22) in operational form, 

and 

In the demodulation circuit of Fig. 16, 

T, = 4.2 X lo3 X 

= 4.2 X lo-, sec 

and 

4.2 (8.9) X loG 
T 2  = 2 x 10-5 

13.1 x 103 

= 5.7 X sec. 

The pole and zero corner frequencies are then, respec- 
tively, 

1 
f z = = -  - 2.8 cps 

and 
(23) 

1 f1=,71T1- - 3.8 cps. 

where p = Laplace operator. 

The average demodulated voltage may be similarly writ- 
ten in operational form (see Eq. 17) as follows: 

Combining Eq. (23) and (24), the demodulated output 
is reduced to the following form: 

or 

The maximum phase shift, as calculated at fl= 3.24 
cps, is 9 deg lagging. Maximum-efficiency detectors of 
this design (90%) will produce l-octave pole-zero dou- 
blets with maximum associated phase lags of about 20 
deg. As in other phase contributions, the modest amount 
presented by this demodulator need not present a prob- 
lem unless, of course, it occurs unexpectedly at gain 
crossover, using up most of the margin. 

c. DC Amplifier. The dc amplifier, which is the final 
element in the electrometer and comprises transistors 
47,  QS, Q9, and QlO, provides the following functions: 

1. Supplementary gain for required loop tightness, 

2. Suitably wide output dynamic range, 

3. Demodulation ripple filtering, and 

4. Low output impedance. 

where 

~ n , ,  = dc or steady-state demodulation efficiency 

Consider the gain requirement. The dc gain between 
modulator and demodulator was designated to be 35. 
The section following the demodulator must also pro- 
vide a dc gain of 35 if the arbitrary standard of tightness, 
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the zero-frequency feedback factor, is to be about 
1,OOO. The filter capacitor, located across the amplifier 
in this design, must be chosen so as to satisfy a variety 
of conditions. It must reduce the ripple component at 
the output of the electrometer to within tolerable limits 
for external measuring equipment. This is most often a 
level low enough to preclude problems due to ripple 
feedback to the modulator. This capacitor should not, 
however, be made so large as to produce a serious voltage 
ratdimiting problem. Such a problem is often caused 
by a combination of ( 1 )  limited dynamic range in the 
carrier amplifier and (2)  too large a filter capacitor. 
Since this capacitance is an important term in one of the 
comer frequencies for the low-pass loop transmission 
characteristic, it must also be scrutinized from the view- 
point of loop stability. 

The filter-amplifier is depicted in a somewhat simpli- 
fied form in Fig. 23a. The input E ,  is the average de- 
modulated signal developed across the shunt switch (45) 
when the switch is loaded by Re7. The resistive T feed- 
back network performs, as its principal function, the 
zero-signal level adjustment of the output, which must 

I I 

A3 ( NEGATIVE 

R38 

-12 v 

( a )  SIMPLIFIED CIRCUIT 

be above zero to accommodate the log diode character- 
istic. Two successive approximations to thc circuit shown 
in Fig. 23a are shown in Fig. 23b and 23c. The nominal 
voltage gain of the filter-amplifier as calculated from 
the diagram in Fig. 23c may be written 

where 

and 

Characteristic feedback factors of 30 for this amplifier 
make the equivalent circuit and the resulting gain cal- 
culation accurate to within about 3%. Using values from 
Fig. 16, 

and 

T~ = 0.435 sec. 

The rate limit of the electrometer is the slope of the 
integrated output of the filter amplifier produced by 
the maximum signal available from the carrier ampli- 
fier. Maximum values for positive and negative demodu- 
lated voltages will be somewhat different because of 
asymmetrical current-handling capabilities in the output 
stage of the triplet amplifier on negative and positive 
swings. In the actual transfer characteristic as shown in 
Fig. 24, the maximum average positive demodulator volt- 
age of 1.2 v establishes an amplifier charging rate limit of 

This permits the amplifier to negotiate a negative 5-v 
step in 50 msec if no other factors are involved. 

In most applications, where the output of a sensitive 
device such as this electrometer must be protected against 
electrostatic coupling of external power and signal tran- 
sients, it is imperative to furnish the amplifier with a 
suitably low output impedance. Over-all electrometer 

I -Le 
in- 

67 

( b )  EQUIVALENT CIRCUIT 

+ +  4 3  
( c )  REDUCED EQUIVALENT CIRCUIT 

Fig. 23. DC filter amplifier 
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Fig. 24. Static transfer characteristic of carrier section 

feedback does not necessarily ensure wide-band protec- 
tion, because at low input-current levels the dynamic 
feedback resistance is high, and unity-gain crossover for 
the loop feedback factor occurs at low frequencies. The 
result is a total absence of impedance degeneration above 
a few cycles per second. For this reason, local feedback 
in the filter-amplifier is required to provide low-output 
impedance independent of the over-all loop. The emitter- 
follower, QlO, for instance, may have an output imped- 
ance of 300 ohms, further degenerated by the local 
feedback to about 10 ohms. The dc impedance of 10 
ohms is further reduced at frequencies where C,, pro- 
duces increased local feedback. The static output im- 
pedance, as previously suggested, is also enhanced by the 
dc feedback factor of the entire loop, which reduces the 
filter-amplifier impedance by 1,OOO to a small fraction 
of an ohm. 

4. Offset Stability 

electrometer input. These are 
There are three main contributions to drift a t  the 

1. Variation in dynamic capacitor contact potential, 

2. Variation in balance of the dc amplifier comparator, 

3. Variation of the demodulator offset. 

and 

Contact potential drift in the modulator appears di- 
rectly at the electrometer input. Changes in modulator 
reference potentials are similarly reflected directly a t  the 
input. As a precaution against inverse-polarity leakage 
currents, the modulator is referenced so that a nominal 
negative potential appears at the summing point. Leakage 
produced by input resistance will therefore cause a small 
error current, of the same polarity as positive-ion input 
current, to flow in the feedback element. 

The comparator stage of the dc filter-amplifier is a 
relatively coarse device. The drift in the differential 
stage composed of 4 7  and QS is characteristically about 
-50 mv between -20 and +70°C, yielding an average 
temperature coefficient of -0.6 mv/"C. If the gain of 
the carrier section between the modulator and demodu- 
lator were assumed constant at 35 over this temperature 
range, the drift at the summing point attributable to 
the dc amplifier instability would be 1.4 mv. 

The demodulator transistor (Q5) is likewise coarse in 
performance. A 2N329A PNP alloy transistor is used in 
the normal configuration for its superior current gain, 
thereby forsaking the stability of the inverted connec- 
tion. In an application such as this, one may consider the 
zero-signal closed-switch offset potential as the prin- 
cipal source of instability. This offset is expressed as 
follows (Ref. 17): 

KT 1 
u, = - In - 

4 ai 

where 

ai = inverse emitter-to-collector current gain 

uo = collector-to-emitter voltage with zero collector 
current. 

It is estimated that drifts in uo attributable to tempera- 
ture and alpha changes will not exceed 10 mv. The full- 
cycle average drift, 5 mv, would correspondingly produce 
a 0.14-mv shift at the electrometer input. The combined 
demodulator-dc amplifier drift reflected to the elec- 
trometer input would therefore be small compared with 
the modulator contact potential drifts, which fall in the 
5- to 10-mv range. 
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C. Feedback Stability 

This section will first describe theoretical considera- 
tions in the analysis of the electrometer as a feedback 
amplifier. The equations for loop transmission (feed- 
back factor) will be presented under conditions of zero 
and fixed secondary damping feedback. A table of domi- 
nant time constants versus input current will illustrate 
the consequences of using a nonlinear or non-discrete 
primary feedback element. Both theoretical and measured 
curves of loop transmission are presented, after which 
closed-loop frequency and transient responses are shown. 

1. Open-Loop Frequency Response 

The electrometer transfer characteristic may be written 

where 

(29) 

A = forward dc amplifier gain 

P = portion of output returned to summing point 

Z, = feedback impedance. 

The amplifier, as is implied in Eq. (29), is dependent 
upon the feedback factor AP for such important char- 

(a) GENERAL CIRCUIT 

Cf 
,I R2 “I 

E o =  Av, 
“E, 

- - +CB - - 

Er Rf $5 = I C o +  - c, ( I - A  

(b) EOUIVALENT CIRCUIT WITHOUT SECONDARY FEEDBACK 

Cf 
I 1  

0 - ”” 1 “I 
0 Eo i A”, 

(c) EOUIVALENT CIRCUIT WITH SECONDARY FEEDBACK 

Fig. 25. Equivalent circuits for determining loop 
transmission 

a. Theoretical Considerations. At low currents where 
secondary feedback is effectively disconnected, the loop 
transmission as determined from the circuit of Fig. 25 is 
given by 

acteristics as static accuracy, speed of response, and loop 
stability. Trying to satisfy conditions for loop stability 
presents an unusual problem, in that R,, one of the 
principal parameters in the calculation of AP (see Fig. 
25a), varies in excess of 7 decades. 

Since the feedback resistance varies as an inverse func- 
tion of the feedback current, the secondary feedback, or 
damping, must also be nonlinear. No single condition of 
feedback will satisfy requirements for both loop stability 
and speed of response at all currents within the mea- 
surable range of the instrument. A nonlinear attenuator 
composed of R7, R8, R11, and zener diode CR1 provides 
a two-point compensation characterized by zero damping 
at low currents, fixed damping at high currents, and a 
transition corresponding to about one current decade. 
The use of C, in the dual role of damping element and 
carrier-frequency coupling capacitor was suggested by 
an earlier commercial application (Ref. 18). 

where 

C, = collector-to-shield capacitance. 

The amplifier gain may be described principally by the 
filter-amplifier and demodulator time constants in such 
a manner that 

where 

A, = dc gain 
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T~ = demodulator pole time constant (see Eq. 26) 

T~ = demodulator zero time constant (see Eq. 26) 

T~ = filter-amplifier time constant (see Eq. 2%). 

The polynomial in the denominator of Eq. (30), when 
written in the form 

ap2 + bp + c 

can be approximately factored into 

(% P + 1 )  (f P + 1 )  

when 

4 ac 
- < < 1 .  bz 

Over the range of input currents where 
back is disconnected, this condition is 
following form: 

secondary feed- 
satisfied in the 

"{ C B  (c8 + c,) ] < < l .  
R/  [ (CB + C, + C / )  + C B  (Rz/R,)12 

The loop transmission F may therefore be written in the 
following factored form: 

I where 

Consider the effect of the limited amplifier bandwidth 
on the gain-sensitive capacitance in Fig. 25c. If the ampli- 
fier response is approximated exclusively by filter cutoff 
so that 

the loop transmission is then given by 

The expressions for T :  and T,' are identical with the T~ 

and T~ terms of Eq. (32) except that C B  is replaced by the 
gain-sensitive capacitance 

where 

R c  

R c  + Ell 
pz = 

and 

l and 

RZ C B  (c8 + c/) 
16 = 

(Cs + c.3 + C / )  + CB (Rz/R, )  . 
As feedback current is raised to the order of lo-" 

amp, upward migration of the corner frequency de- 
termined by T~ produces sufficient phase shift at gain 
crossover to result in oscillatory behavior. The addition 
of secondary feedback at lower current before this condi- 
tion is reached produces a new set of dominant time 
constants . 

If C, is assumed to be infinite and if the pole in the pz 
network (produced by the lag network comprising Rlo, 
Co, C A ,  and C,) is neglected ( T  = 3 msec), the loop trans- 
mission (Eq. 33) may then be reduced to 

(32) 

where 
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and 

(37) 

The dominant pole in Eq. (34) is produced by 7 8 .  The 
principal effect of the amplifier time constant, 7 3 ,  is to 
add directly to - A, ,& Ca ( R ,  + R,) .  Corner frequen- 
cies produced by T',  and T~ occur sufficiently beyond gain 
crossover as to produce gain margins no less than 15 db 
over the range of currents for which this secondary feed- 
back is effective. 

A consequence of using ac coupling in the secondary 
feedback that was overlooked in the initial design is the 
peak that occurs in the loop transmission. While there 
was no harmful effect in this case, it is evident that this 
coupling time constant can provide large lagging phase 
shifts as illustrated in some of the gain and phase 
curves. Consider the effect of the ac coupling in the 
secondary loop as embodied in the dominant time con- 
stant of Eq. (34). The loop transmission may then be 
written 

where 

and 

Substituting for 7: in Eq. (38) 

The location of the poles of Eq. (39) in the p plane are 
as follows: 

For the condition where 

which is applicable in this case, Eq. (40) may be 
rewritten 

The frequency at which F (Eq. 39) peaks is now deter- 
mined by the imaginary component of Eq. (41), i.e., 

1 
fPK = 27 ( 7 8  Tg)'/z 

For bias currents of l O - ' O  and amp where T~ = 2 sec, 
the peaking frequencies are calculated to be 0.015 and 
0.037 cps, respectively. 

Table 5 presents a listing of all dominant time con- 
stants and their variation with bias current. The asymp- 
totic loop responses resulting from the tabulated comer 
frequencies for the cases of secondary feedback out and 
in are shown in Fig. 26 and 27, respectively. 

b. Experimental Results. To correlate actual perfor- 
mance with predicted behavior and to verify adequacy 
of phase margins, a set of tests was performed on a 
laboratory electrometer using the experimental arrange- 
ment of Fig. 28. The signal generator was placed in the 
feedback loop so that the feedback would still stabilize 
the dc operating point and that output levels would be 
determined by the equivalent series generator voltage, 
i.e., 

F 
E o  = vo (n) 

where 

The open-loop amplitude and phase responses were ob- 
tained by taking oscilloscope pictures of the waveforms 
on both sides of the floating signal generator, which also 
supplied scope trigger pulses. The dc bias current in the 
tube was determined by resistors connected between a 
l-v battery and the electrometer input. This resulted in a 
10% reduction in A,, and in a small modification to the 
responses of F vs. the frequency that would have been 
obtained with perfect current sources. A 50-pf capacitor 
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Bias 
current 

amp 

10." 

1 0-l1 

1 0-l2 

1 0-la 

Table 5. Nominal time constants and corner frequencies 

(a) Secondary feedback out 

Time constant, sec Corner frequency, cps 

71 r Z  7 3  7 1  r s  7 6  f l  fz f3 f4 fs f6 

0.042 0.057 0.435 0.005 0.168 0.0072 3.8 2.8 0.37 32 0.95 22 

I I I I ::: 158 1.59 I I I I ::2 0.001 

0.05 3.2 0.1 

15.8 0.01 

Bias 
current 

amp 

Time constant, see Corner frequency, cps 

1 o-6 
1 o - ~  
1 o-'O 

1 0-11 

1 o-= 

1.6 x 10.~ 

1.78 X 10.' 

2.04 x 10.~ 

2.15 X 10.' 

2.15 X lo-' 

9.5 2.0 32 X 10' 2.9 X lo4 100 1.7 X 10.' 0.0796 

I I 0.32 14.4 74 3.5 x lo-5 

320 43 09 1.1 x lo-' 
32 16.3 78 2.9 x 10.~ 

3.2 14.4 74 3.5 x lo-' 

14.1 

55 

455 

4,550 

0.005 

0.05 

0.5 

I POLE-ZERO PATTERN FOR VARYING CURRENTS I 

9.2 X 10.' 

1 1  X lo-' 
1 1  x lo-' 

10-6 n 
E 10-95 

Fig. 26. Asymptotic loop transmission responses 
without secondary feedback 

POLE-ZERO PATTERN FOR VARYING CURRENTS 
I I I I  I , , , I  I I , , I  I I I , ,  

7 - P 
$ 7  

with a leakage resistance greater than l O I 5  ohms simu- 
lated the capacitance between the collector and its elec- 
trostatic shield. An R-C filter at the scope input reduced 
the 60-cps signals generated in the loop by the large float- 
ing generator; as a result, measurements above 20 cps 
were somewhat unreliable. For bias currents greater than 
or equal to 10-lo amp, the secondary feedback was re- 

FREQUENCY, cps 

Fig. 27. Asymptotic loop transmission responses 
with secondary feedback 

moved by disconnecting R10. Figures 29 to 34 show gain 
and phase shift of the amplifier measured at frequencies 
from 0.01 to 100 cps for bias currents between and 

amp. 

The laboratory electrometer used for these tests con- 
tained several components whose values were different 
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Gain and phase curves with secondary 
feedback in (Ibias = IC6 amp) 
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Fig. 30. Gain and phase curves with secondary 
feedback in (Ibias = amp) 

-0 
TEKTRONIX 531A 

(SCOPE) 

53/54 
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FREQUENCY. cps 

Fig. 31. Gain and phase curves with secondary 
feedback in (Ibias = 10-lo amp) 

0.01 1.0 IO 100 
FREQUENCY. cos 

Fig. 32. Gain and phase curves with secondary 
feedback out (Ibias = 10-l1 amp) 
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FREQUENCY, cps 

Fig. 33. Gain and phase curves with secondary 
feedback out (Ibias = 10-l2 amp) 

from the nominal flight-unit values or had changed 
since those components were installed. Since there was 
some variance between measured responses and nominal 
curves, comparison was then made between measured 
component values and values providing the best fit to 
the experimental curves (see Table 6). 

Table 6. Component values 

Component 
Nominal 

50 

220 

1 

130 

6.8 

24 

21.5 

60 (mox.) 

2 

1/10 Ib1.a 

50 

70 

2.5 

5 

200 

-1000 

Value 

Measured 

150 

- 
- 
150 

9.1 

24 

21.5 

60 (mox 

2 

1/10 Ib1.s 

63 

60 

0.96 

5 

160 

Bert fit 

Assumed 

150 

220 

1 

150 

9.1 

24 

21.5 

60 (max.) 

2 

1/10 /bra# 

Calculated 

154 

59 

0.93 

5.3 

208 

-1000 

0.01 0. I 1.0 10 100 

FREQUENCY, CpS 

Fig. 34. Gain and phase curves with secondary 
feedback out (Ibias = amp) 

The best-fit component values agree reasonably well 
with the measured values except for C,, where the dis- 
persion is not fully understood at this time. Most notable 
departures from expected values were in the cases of the 
filter capacitor C11 and the dynamic capacitor rest capaci- 
tance, C,. The filter capacitor, a bipolar tantalum unit, 
may have deteriorated with age. The dynamic capacitor, 
a non-flightworthy developmental model, had apparently 
acquired a reduced reed-to-anvil spacing. 

Of the six bias conditions for which curves have been 
drawn, minimum margin occurs with a bias current of 
10-l1 amp. (Fig. 32). In this curve, the rolloff rate at 
gain crossover ( 10 cps) is about 8 db/octave with a 
-144-deg phase shift, although the phase shift in this 
case does reach a pre-crossover maximum of -153 deg 
at 6 cps. Deviations in the capacitances C, and C, reduced 
the corner frequency f G  from a nominal 22 cps to less 
than half its standard value. This placed f s  near gain 
crossover, thereby reducing margins in the laboratory 
instrument, though not to intolerably small levels. The 
flight instruments were generally adjusted for transition 
between secondary feedback states at about 5 X 
amp. 

2. Closed-Loop Performance 
When the electrometer is driven by a current source, 

its transfer impedance may be expressed in the following 
modified form of Eq. (29): 
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Bias 
current 

amp 

1 0-e 

10-e 

10-1° 

lo-" 

lo-'* 

1 o-= 

If the loop transmission characteristic is approximated 
at gain crossover ( f g c )  by a 6 db/octave rolloff rate, the 
transfer impedance is then given by 

Time constant, sac Corner frequency, cps 

T I C  T' DC f r  tu.  4. 7 4  

* 5 x lo-r - 0.0094 3.7 x lo" - 17 . 5 x io-' - 0.01 4 370 - 1 1  . 0.005 - 0.053 37 - 3.0 

0.05 0.018 0.4Sb 3.7 9 0.35 

0.5 0.018 4.5b 0.37 9 0.035 

5 0.01 8 4Sb 0.037 9 0.0035 

where 

1 
roc = - 

2 x  f o c  

(44) 

Table 7 .sts the time constants of Eq. (44) ant- their 
associated frequencies as a function of bias current. 
The gain- crossover frequency with secondary feedback 
(fit) is also listed. 

Families of closed-loop frequency responses are shown 
in Fig. 35 and 36 for secondary feedback in and out, 
respectively. Electrometer biasing was similar to that used 
in Fig. 32, and a signal current was inserted into the 
summing point by a function generator connected in 
series with a suitably large resistor. The only parameter 
significantly different from the ones used in the loop 
transmission tests was the modulator rest capacitance 
(C,), which was 59 pf for the dynamic capacitor used 
in this case. 

Peaking that occurs at lower currents in Fig. 35 is 
directly attributable to phase shifts associated with peaks 
in loop transmission characteristics that are not suffi- 
ciently removed from gain crossover. The overshoots as- 
sociated with transient response to these characteristics 
were not observed in flight instruments, since secondary 
feedback transition occurred at about 5 X 10-l2 amp. 

5 
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Fig. 35. Closed-loop frequency response with 
secondary feedback 
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Fig. 36. Closed-loop frequency response without 
secondary feedback 

Table 7. Dominant time constants and corner frequencies for nominal closed-loom response 
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Fig. 37. Closed-loop transient response 

The peaks are removable, however, by direct coupling of 
the secondary feedback. This is considered a generally 
advisable procedure for this configuration providing that 
capacitor CA has a sufficiently large leakage resistance. 

Closed-loop transient responses ( Fig. 37 ) were recorded 
by changing the sine-wave signal used in the previous 
closed-loop tests to a square wave. Care was taken to 
keep the signal amplitude down to swings of not more 
than a quarter of a decade from quiescent levels, lest 
nonlinearities in the feedback tube mask the true small- 
signal performance. 

Although this electrometer is fast enough for Mariner 2 
sampling rates (one sample per 17 sec), the interelectrode 
capacitance of the feedback element may make this system 
too sluggish for other applications requiring faster low- 
current response. Speed-of-response capabilities for this 
amplifier may be put in a better perspective, however, 
by inspecting its performance with a more universally 
used feedback component such as a carbon resistor. A 
current threshold of lei3 amp, for example, may be ob- 
tained with a feedback resistor of 10l1 ohms. If gain 
crossover for this new system were comparable to the 
values in Table 7 ( TpC = 0.018 sec), the closed-loop speed 
of response would reflect the lower time constant of 
the new feedback element. Assuming a distributed capaci- 
tance of 0.5 pf across the resistor, the feedback time 
constant r4 becomes 0.05 sec. This value of r4, indeed, be- 
comes the e-l response time for the electrometer, because 
T~~ is small enough to not affect the composite response. 
If the filter-induced rate limit for the electrometer de. 
scribed in this Report (100 v/sec) were applied to this 
hypothetical case, rate limiting would occur for input 
step currents above 5 X lo-" amp. A maximum-range 

signal of about 10 v (Zin = amp) would therefore 
require about 100 msec to reach 90% of full amplitude. 

For the case of a particular feedback resistor, electrom- 
eter transient responses to signal currents below rate-limit 
level may be considered uniformly linear. What makes 
quantitative comparison of the log diode system difficult 
is that dominant time constants for log feedback are 
based upon bias currents and not necessarily on absolute 
values of transient current. It is also very possible in 
actual spectrometer applications that the log diode sys- 
tem will come to rest somewhere between the lower end 
of the useful diode characteristic and the discriminator 
threshold. Tube capacitance must then be charged before 
the tube becomes conductive, whereas resistive feedback 
provides a constant conductance and a fixed starting 
point. 

In applications requiring the speed of response and 
zero stability afforded by a feedback resistor, one may 
then tailor the loop transmission characteristic to the 
specific requirements of the resistor. The technique of 
secondary damping feedback described in this Report 
may then be applied, when needed, in a more efficient 
manner by the inclusion of a fixed damping factor 
( p 2 ) .  In a similar fashion, commutated feedback resistors 
may also be efficiently used with synchronous switching 
of discrete optimized feedback networks. 

D. Dynamic Reed Capacitor Development 
Dynamic capacitors of the type used in the Ranger and 

Mariner solar plasma instruments (Fig. 38 and 39) origi- 
nated over 15 years ago (Ref. 16), and have been em- 
ployed in various commercial electrometers. Since the 

I 
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Fig. 38. Dynamic capacitor on mounting base 

Fig. 39. Uncased dynamic capacitor 

instrument demanded a lightweight, low-power device 
that could withstand the rigorous vibrational and thermal 
environment imposed by the spacecraft, a special design 
was required. In January 1960, a development contract 

for the vibrating reed capacitor was let to the Applied 
Physics Corporation of Monrovia, California. 

Evaluation of the first six prototypes and communica- 
tion with Applied Physics resulted in the following target 
specifications: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Reed resonance at 25°C: 2,395 2 5 cps. 

Resonant frequency shift between 0 and 70°C: 15 
cps max. 

Conversion efficiency at 2,400 cps and 25°C: 8 to 
10%. 

Resonant Q: 150 max. 

Drive voltage at 2,400 cps: 6.8 v rms. 

Drive coil power: 75 mw max. 

Reed-to-anvil rest capacitance: C, = 70 pf max. 

Coupling capacitance: 50 f 3 pf. 

Contact potential: 0 f 50 mv dc max. 

Temperature coefficient of contact potential: 70 
pv/" C max. 

Weight: 0.6 lb max. 

Unit evacuation pressure: < Torr. 

Input resistance: > 1014 ohms. 

The choice of reed resonance at approximately 2,400 
cps was based on (1) the ability to drive the reed directly 
from the 2,400-cps spacecraft supply and (2) the small 
size of the reed, which resulted in an over-all structure 
of minimum dimensions. The values of rest and coupling 
capacitance were influenced by such factors as conver- 
sion efficiency, loop transient response, and the source 
impedance presented to the subsequent transistor 
electronics. 

The over-all structure of the reed capacitor suggested 
a cylindrical or can-type enclosure. The can was evacu- 
ated in order to obtain high compliance of the reed with 
a minimum expenditure of drive power for a given con- 
version efficiency. In addition, since anticipated uses of 
the converter would require extended periods of opera- 
tion (one to two years) in the vacuum of space, and since 
gradual loss of an atmosphere of inert gas in a modulator 
would catastrophically alter the reed characteristics, the 
evacuated can appeared doubly attractive. 

However, as development progressed, the effect of the 
evacuated can on the contact potential specification 
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became painfully obvious. Temperature cycling of the 
evacuated moddator caused outgassing of lnost of the 
materials inside the device and resulted in contamina- 
tion of the reed and anvil, with an accompanying increase 
in contact potential and its thermal coefficient. This 
problem was ultimately solved by high-temperature 
vacuum annealing of most components internal to the 
can and by elimination of all internal organic materials 
and internal solder connections. 

Early in the program, the need for a reed-tracking 
oscillator was considered; that is, a device that would 
sense the drift in reed resonant frequency due to age 
and temperature change and would synchronously drive 
the phase-sensitive demodulator in the electrometer 
amplifier. The behavior of the capacitor resonant char- 
acteristic vs. temperature for the early prototypes (Fig. 
40) was monitored, and several units were installed in a 
breadboard electrometer. Loop-gain and phase-margin 
tests were performed vs. temperature in this test fixture, 
with both the reed and the demodulator driven from a 
fixed 2.4-kc signal (see the discussion on the demodula- 
tor). Analysis of these data indicated that the change 
in amplifier loop gain, owing to changes in demodulator 
efficiency (caused by phase shift between the reed out- 
put signal and the demodulator drive signal), would 
not seriously degrade the amplifier performance. 
Because of this fact and the limited period for develop- 
ment of the instrument, it was decided in September 

9 1 

2300 2400 

FREQUENCY, cps 

Fig. 40. Resonant characteristic of early prototype 
dynamic capacitor vs. temperature 

1960 to drop the tracking oscillator approach and start 
production en units to be driven at 2.4 kc, a point slightly 
above the natural resonant frequency. By operating the 
reed in this manner with the specified Q and the allow- 
able resonant frequency drift, it appeared that the ampli- 
fier loop-gain stability requirements would be reasonably 
easy to satisfy. Trouble developed shortly thereafter 
when attempts at simultaneous control of parameters 
such as resonant frequency, frequency drift, mechanical 
Q, and conversion efficiency led to a poor yield of pro- 
duction modulators. To meet the demands of the Ranger 
1 and 2 system schedules, it then became a necessary 
part of the reed acceptance procedure to run each modu- 
lator in an electrometer breadboard and select the opti- 
mum phase compensation network for the demodulator 
for that particular assembly. Since the production reed 
characteristics were not uniform, this optimum phase 
shift network had to be selected by examining the gain 
and carrier phase characteristics of the electrometer over 
the operating temperature range (-10 to +80°C) and 
selecting a compromise value which would ensure elec- 
trometer stability at all temperatures. 

This complicated evaluation procedure subsequently 
led to a new contract with the Applied Physics Corpora- 
tion in April 1961, which resulted in a capacitor with a 
piezoelectric crystal mounted on the reed. Since the crys- 
tal, which was made of lead titanate, gave maximum 
output at reed resonance, it provided a stimulus signal 
for a regenerative coil drive system, which could also 
synchronously drive the demodulator. The frequency 
stability of mechanical resonance in this capacitor was 
also markedly improved by changing the reed material 
from stainless steel 303 to a constant-modulus alloy, 
Ni-SPAN-C. The mechanical assembly drawing (Fig. 41) 
illustrates the rugged construction of the unit, which 
passed vibrational tests far surpassing the actual launch 
vibration environment. 

The center post forms one element of the coupling 
capacitor with respect to the stator assembly and also 
acts as an input terminal to the stationary element of 
the variable capacitor, the anvil. The construction design 
ensures that both the variable and coupling capacitors are 
guarded, in order to provide capacitor stability and mini- 
mize leakage current paths. Although the center post was 
initially designed to house an input resistor that provided 
isolation of the source and input terminal capacitance 
from the reed-anvil capacitance, it was decided to accept 
a small decrease in open-circuit conversion efficiency 
(owing to additional shunt capacitance) and to place the 
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resistor outside the assembly in order to reduce possible 
somces of contamination. The Mariner 2 unit (with an 
end shield to reduce the effects of magnetic fields from 
the reed assembly) was 3.25 in. long by 2.06 in. in 
diameter and weighed 0.6 lb. 

Since the absolute value of the coupling capacitor is 
not critical in an electrometer of this type, an improved 
version of the unit was later developed which utilized 

small-area, closely spaced, parallel plates for the coupling 
capacitor and afforded a W4-h. reduction in length and 
a resultant weight saving. A sapphire input terminal 
increased the input resistance to more than ohms. 
The superior short time constant of strain currents ex- 
hibited by this material has made practicable the design 
of electrometers for long-term space use with a null 
stability of 10-14 amp over the temperature range of 
-50 to +90°C. 

IV. THE DEFLECTION VOLTAGE SYSTEM 

The electrostatic deflection system for the Ranger and 
Mariner plasma instruments consisted of three elements : 
a digital programmer, a high-voltage sweep amplifier, 
and the electrostatic deflection plates. The programmer 
received timing pulses from the spacecraft DAS and sup- 
plied precise analog currents to the high-voltage sweep 
amplifier. The output voltage of the sweep amplifier 
was then impressed across the electrostatic deflection 
plates so that particles of a particular charge sign and 
energy proportional to that deflection voltage were fo- 
cused through the deflection plate assembly onto the 
Faraday charge collection cup. Mechanization of the 
Ranger and A4ariner deflection systems was practically 
identical except that the Mariner sweep amplifier was 
somewhat simpler since only positive ions were to be 
measured. 

A. Electrostatic Deflection Plates 

The Ranger and Mariner deflection plate systems (Fig. 
4 and 8 respectively) were designed according to dimen- 
sions supplied by the JPL experimenters, M. M. Neuge- 
bauer and C. W. Snyder. Each unit consisted of a set of 
curved parallel plates separated by ground rails to con- 
trol field fringing effects between the plates. A rectangu- 
lar plate at ground potential was located at both the 
entrance and exit of the deflection plates for the same 

reason. Inside the entrance to the Faraday cup, but 
shielded from the particle beam by the rectangular 
ground plane, was a suppressor electrode which pre- 
vented secondary emission of electrons from the Faraday 
cup due to collisions of incident particles. All metal parts 
were gold-plated magnesium with the exception of the 
entrance ground plane, which for reasons of spacecraft 
passive temperature control was made of polished alu- 
minum. 

The energy E ,  required for a constant radius of curva- 
ture for normally incident particles was equal to 2.74 
times the deflection voltage on Ranger and 4.0 times the 
deflection voltage on Mariner. Differential deflection 
voltage (outer to inner plate) vs. energy level is shown 
in Tables 2 and 3 for the Ranger and Mariner systems, 
respectively. 

Evaluation of a prototype instrument in a particle ac- 
celerator revealed a troublesome phenomenon. Ultraviolet 
photons in the Lyman-Alpha region emitted by the parti- 
cle source reflected down the bright gold walls of the 
deflection plates and then reflected off the charge col- 
lection cup. This indirectly illuminated the negatively 
biased suppressor electrode and caused a release of photo- 
electrons. The photoelectron current collected at the Fara- 
day cup and measured by the electrometer was on the 
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order of 10-lo amp or three orders of magnitude above 
the electrometer threshold. 

The problem of darkening the gold-plated parts to 
reduce the reflected light was complicated by the fact 
that any material utilized had to be a good electrical 
conductor. Following a method described for increasing 
the efficiency of infrared detectors (Ref. 19), it was 
decided to coat the deflection plates and Faraday cup 
with gold-black. Gold was evaporated off a tungsten 
filament onto the gold-plated magnesium surfaces in a 
low-pressure atmosphere of hydrogen. The hydrogen de- 
creased the mean free path and the temperature of the 
gold molecules emanating from the filament so that 
they accumulated on the surfaces of interest in a loose 
molecular structure. The resultant surface was extremely 
black to ultraviolet as well as visible wavelengths. Al- 
though the black surface could be easily rubbed off, 
evaluation over a temperature range of -50 to +150°C 
and exposure to a vibrational energy spectrum much 
greater than that anticipated on the spacecraft failed to 
indicate any changes in the surface absorbtivity. 

Subsequent evaluation of the gold-blacked system with 
an ultraviolet source whose estimated intensity was equal 
to three times that emitted by the Sun revealed that the 
resultant background current was on the order of 10-14 
amp (measured with a commercial electrometer) and 
well below the flight electrometer threshold. Gold-black 
was applied on later instruments using nitrogen in lieu 
of hydrogen, but in either case the process was an ex- 
tremely laborious one, owing to the difficulty in obtain- 
ing a uniform, nonspecular coating over the large surface 
area. Platinum-black, which is a commercial plating proc- 
ess, was evaluated late in the Mariner program and 
proved to be as effective as the gold-black. The platinum- 
black method was dropped, however, owing to the limited 
development time, when it was discovered that there was 
a corrosive action between the platinum-black plating 
solution and the magnesium plates as a result of the 
porosity of the gold plate. 

In a redesign of the deflection plates for the Mariner 
system, the sector angle of the deflection plates was in- 
creased from 90 to 120 deg to increase the number of 
reflections necessary for a beam of photons to reach the 
suppressor grid, and the resultant background electron 
current dropped to less than amp. Experience with 
the Ranger instrument at AMR, where the humidity 
was very high, dictated the use of insulators such as 
Teflon and Dial1 FS-4, a glass-filled diallyl phthalate, in 
lieu of materials such as nylon that were hygroscopic 

and absorbed water in the humid environment, and thus 
drastically lowered important insulation resistances. Other 
engineering improvements in the Ranger design were the 
use of improved ground rails to reduce the number of 
critical high-voltage insulators, reduction of the over-all 
number of parts to simplify mechanical construction, 
and redesign of the collector cup, which reduced the 
number of insulator leakage paths and provided a sub- 
stantial decrease (60% ) in collector cup capacitance. 

B. Digital Programmer 

The digital programmer receives a timing pulse from 
the DAS at fixed intervals, and at each interval gates a 
precise analog current into the high-voltage sweep ampli- 
fier to generate a discrete deflection voltage. At the 
end of every measurement interval, a reset pulse, which 
resets the binary counters to the zero state, is received 
from the DAS. This procedure insured synchronism of 
the measurement interval with the frame coding of the 
DAS data format and was used in lieu of an energy 
level identification signal which would have required 
more information bits. 

The Ranger and Mariner programmers were essentially 
identical except for the number of energy levels and the 
data interval time. The Ranger system provided twelve 
discrete outputs and also a thirteenth step, which was 
identical with Step 1. This provision was to ensure that 
the entire system would stabilize before DAS readout if 
the electrometer input went from a large positive-ion 
current in Step 12 (2,000 v) to an electron current in 
Step 1 ( -40 v ) .  The measurement sequence for the 
Ranger system is shown in Table 1. The Mariner se- 
quence was similar except that the time interval was ap- 
proximately 17 sec and there were 10 energy levels plus 
a reset and calibration interval (Table 3 ) .  

A block diagram of the Ranger programmer (Fig. 42) 
can be correlated with the Mariner programmer sche- 
matic (Fig. 43). Reset gate circuitry (transistors Q2S 
through 430) was incorporated into one of the Ranger 
programmers to allow synchronization of all the sweep 
voltages in the absence of the DAS in a systems test 
operation. Transistors Ql6 through 423 formed a four- 
stage counter which was triggered by the DAS timing 
pulse through pulse amplifiers and shapers 424 and Q25. 
The flip-flops used were flown on Pioneer 11Z and IV 
(Ref. 20) and were used here because of the proven de- 
sign reliability. The outputs of the counter were examined 
by a multiple AND gate diode matrix using the standard 
binary-to-decimal conversion technique. Transistor gates 
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Fig. 42. Ranger programmer block diagram 

39 



JPL TECHNICAL REPORT NO. 32-492 

Q1 through 413 (Q1 through 10 on Mariner 2) switched 
a regulated reference voltage to resistive weighting net- 
works to form the sweep amplifier analog input cur- 
rents. On Mariner, no input voltage was gated to the 
sweep amplifier in Step 11 ( Q l l ) ,  as will be explained, 
and Step 12 (Q12) provided gating for the electrometer 
calibration reed-switch coil. 

Since the programmer output circuitry is direct-coupled 
and since it was desired to keep the sweep analog input 
currents stable within a few percent over the specified 
operating temperature range (-20 to +80°C), an effort 
was made to compensate for the temperature variations of 
diodes in the signal path. Figure 44 shows the compensa- 
tion technique used to stabilize the sweep analog input 
currents. The compensated zener diode (CR110) is a 
selected precision reference with temperature coefficient 
of better than O.O04%/"C at a bias current of slightly less 
than 1 ma. Diodes CRll l  and CR112 buck out the offset 
and temperature variation of the base emitter diode of 
Q15 and the blocking diode (CR1) associated with the 
gate transistor ( Q l ) .  A resistive divider (R82, R88, and 
R85) is used to adjust the absolute value of the input 
voltage, and after a series of temperature runs, a silicon 
resistor (R88) is selected to compensate for the attenua- 
tion of the divider on the temperature coefficients of 
diodes CRll l  and 112 and for the general temperature 
coefficient mismatch of all components involved. The 
diodes (CR2) connected from the gating transistor col- 
lector to ground clamp the cutoff voltage of the OFF 
gates, limiting the back voltage on the blocking diodes 
and thus minimizing the total leakage current errors 
from those gates that are off. Resistors R,, Rb, and R,  
are designed for the proper transfer impedance for a par- 
ticular sweep amplifier input current, and in addition 
are constrained so that the resistance seen by the indi- 
vidual blocking diodes is identical. As a result, the cur- 
rent through the individual blocking diodes is almost 
independent of signal current, the voltage rise across all 
diodes is the same and, therefore, the voltage appearing 
at the input resistor on any step will be approximately the 
same (about 7.0 v). 

Another advantage of the resistive T networks is that 
although the transfer impedance varies greatly (almost 
two decades) through a cycle, the effective P network 
of the sweep amplifier feedback loop remains a con- 
stant, and consequently the loop gain (AP) of the sweep 
amplifier remains constant, The following figures illus- 
trate the change in voltage at the input of the resistor 
network on Step 1 at the initial setting and at tempera- 
ture extremes on a typical flight programmer: 

Temperature 
*C 

+ 80 

+ 25 

-20 

E s t c p  1, v 

- 6.965 

- 6.906 

- 6.967 

AEZnoc, mv 

+21 

+ 19 

Since these deviations are only a -0.3% and a -0.27% 
change from the 25°C value, they are considered satisfac- 
tory, as the allowable deviation of any deflection voltage 
about the 25" value was a 5 % .  In more recent pro- 
grammer designs, use of a reference zener diode with a 
tightly controlled absolute value has eliminated the need 
for the resistive divider and the resultant thermal track- 
ing problems. 

C. High-Voltage Sweep Amplifier 

The high-voltage sweep amplifiers used on Mariner 
and Ranger were identical except that the Ranger system 
used two subsidiary amplifiers for stable generation of 
the low-voltage steps. (For comparison of ranges, see 
Tables 2 and 3.) Figure 45 illustrates the logic arrange- 
ment of the Ranger sweep system. The main sweep ampli- 
fier portion of the block diagram is identical for both 
systems. The large dynamic range required by the Ranger 
system ( -20 to +1,000 v, one side to ground) sug- 
gested the use of a transformable ac system. In order to 
avoid the effects of various drifts arising in dc input 
stages and thus achieve reasonable thermal gain stability 
( <lo%) in the low-voltage steps, a carrier-type opera- 
tional amplifier was considered. Subsequent investigation 
of the carrier approach revealed that the most critical part 
of this design would be the chopper itself. Although much 
had been written about the static offset parameters of 
chopper transistors, very little was known or had been 
published about the mechanics of dynamic offset parame- 
ters such as switching spikes. In addition, thermal and 
long-term stability of leakage currents in the choppers 
then available was poor, owing to the lack of surface 
treatment found in present-day choppers. Although this 
design approach was recently achieved through the ad- 
vances in (1 )  chopper transistor technology, (2)  use of 
wide-band amplifiers with low hangover and blocking 
characteristics, and ( 3  ) duty-cycle action between modu- 
lator and demodulator to cancel the switching spikes, 
it was not a feasible approach at the time of the Ranger 
development. Instead, a direct-coupled operational am- 
plifier, with a balanced differential output, was used for 
generation of voltage steps of +32 to + 1,000 and -32 to 
- 1,000 v, and a pair of three-stage, direct-coupled, 
feedback-biased operational amplifiers generated voltage 
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Fig. 44. Partial schematic diagram of programmer 
reference and sweep amplifier input 

steps of -20 to +10 and +20 to -10 v (Fig. 46). A 
temperature-compensated diode isolation circuit was uti- 
lized so that the deflection plates were clamped to the 
subsidiary amplifiers for the low-voltage steps and to the 
main sweep amplifier for the high-voltage steps. Use of 
forward biased diodes (CR6 and CR7) in series with the 
outputs of the subsidiary amplifiers provided adequate 
temperature compensation for the voltage variation of the 
blocking diodes (CR7 and 8, CR12 and 16). During the 
subsidiary amplifier portion of the sweep cycle, the nor- 
mally positive output of the main sweep amplifier was al- 
lowed to cut off, leaving the junction of R33 and R34 at 
approximately -30 v, thus clamping the positive or outer 
deflection plate to the subsidiary amplifier. With the 
exception of the polarities involved, the inner deflection 
plate sweep circuit worked in a similar manner. 

The main sweep amplifier used on Ranger and Mariner 
( Fig. 47 ) was a direct-coupled operational amplifier 
which relied on a balanced differential input stage for 
null stability. The input stage (Q1 and Q2) is followed 
by a stage of voltage gain (43) succeeded by two stages 
of power gain ( 4 4  and 4 5 )  which drive a transistor- 
saturable-core oscillator. The oscillator drives a balanced 
voltage-doubler network (CR16, 17, 18, 19, and C4, C5 
on the positive side) such that output voltages of equal 
magnitude and opposite polarity, which are proportional 
to the oscillator input drive voltage, are obtained. An 
opposite-polarity bucking voltage is placed in the charg- 
ing paths of both sides of the balanced voltage in such a 
way that each single-ended output voltage of the sweep 

amplifier is equal to the algebraic sum of the bucking 
voltage and the output voltage doubler. For a given 
deflection voltage, the closed-loop system then forces the 
static inverter output to a value equal to the given voltage 
plus the bucking voltage magnitude. This allows the 
saturable-core oscillator to operate with reasonable effi- 
ciency at the lower deflection voltages, increases the 
frequency of oscillation at the lower deflection voltages 
so that fairly small capacitors can be used for high- 
voltage ripple filtering, and conveniently allows the high- 
voltage amplifier to operate with a null output without 
danger that the loop will open because of static inverter 
cutoff. 

The balanced, half-wave rectifier that was used for the 
offset voltage on Ranger had a 26-v rms, 2,4OO-cps, sinus- 
oidal, spacecraft power supply. Some difficulty was 
experienced in designing an efficient voltage step-up 
transformer at this frequency because of the large excita- 
tion losses and the small secondary current demand. It was 
determined that Mariner 2 would use a 100-v peak-to-peak, 
2,4OO-cps, 5-ps rise time, square-wave power supply in 
order to provide greater spacecraft conversion efficiency. 
To ease the complexity of the step-up transformer design 
problem, a balanced half-wave voltage doubler was 
adopted. On the Mariner system, the negative bucking 
voltage in the positive output side was generated by C2 
and C6 and by CR46 and CR14. 

Inspection of Fig. 47 reveals that the amplifier feed- 
back loop is single-ended so that the system error signal 
is provided by the positive output side alone. This design 
approach assumes reasonable thermal tracking of both 
sides of the static-inverter voltage doubler and demands 
that the outputs of the bucking supply be of equal mag- 
nitude in order to obtain a symmetrical output of the 
over-all sweep amplifier. This is reasonable since the 
negative-output side is a mirror image of the positive 
output about the ground center line. During operation 
of the system in the space environment, all charged 
particles that enter the deflection system and are not 
focused onto the collection cup impinge on the deflec- 
tion plates and form a current that must be absorbed by 
the power supply. An electron current that is absorbed 
on the positive plate and that is larger than the idling 
current through R49 minus the feedback current will 
develop a voltage across R49 sufficiently large to keep 
diode CR46 reverse-biased during its normal charging 
cycle. As the current increases, the bucking voltage across 
R49 increases. Since the negative bucking voltage is 
inside the amplifier feedback loop, the system would 
force the static inverter output upward to maintain the 
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given positive deflection voltage. Accordingly, the nega- 
tive output of the static inverter increases and, since its 
offset voltage will remain constant, a nonsymmetrical 
system output will result. Zener diodes CR39 and 40, 
whose total threshold is slightly above the normal offset 
potential, limit voltage buildup on R49 to the zener 
breakdown voltage and so tend to keep the offset voltage 
symmetrical. At the +30-v output, either side of the sys- 
tem could sustain an injected loading current of 100 pa 
with less than a l-v unbalance. 

Positive-ion current on the positive plate has a similar, 
though inverse, effect. In this case, the idling current of 
interest is delivered to R47 by the voltage-controlled 
oscillator and is a variable given by 

Inverse current in excess of this value will develop a 
voltage across R47 that will reverse-bias diodes CR18 
and CR19. At the +30-v output, the outer plate could 
sustain an inverse or unloading current of 2.5 pa before 
disconnecting rectifier diodes CR18 and CR19. 

Diodes CR24 and 42 (CR43 and 25 on the negative 
side) clamp the output of the system to a small potential 
during the instrument reset and calibration periods. Dur- 
ing Steps 11 and 12 in the Mariner scan cycle, all negative 
signal currents to the sweep amplifier are disconnected, 
and a fixed positive-input reference (which will be 
discussed below) forces the system outputs to the oppo- 
site polarity. The diodes then become forward biased, 
clamping the output, and the error signal increases and 
forces the static inverter to cut off. The offset supply 
then keeps the diodes in this condition, and charged- 
particle loading of the deflection plates can alter the 
resultant voltages only within the limitations of the 
conduction characteristics of the diodes. The resultant de- 
flection voltage (-1.4 v dc) corresponds to electron en- 
ergies of 5.6 ev and thus assures negligible interference 
with calibration current injected into the electrometer 
during the twelfth step. 

Capacitor C1, which is bootstrapped about transistors 
43 and 44, in combination with the Thevenin imped- 
ance looking from the junction of the capacitor with 
the base of 43, provides the dominant pole that rolls 
off the open-loop response at 6 db per octave. This pole 
occurs at approximately 0.04 cps as illustrated in a mea- 
sured loop-transmission characteristic (Fig. 48). The zero 
frequency AB is greater than 200, which is more than 

adequate for 1% transfer function accuracy. This curve 
was obtained by placing an isolated dc or sinusoidal 
source in series with the positive output and the feed- 
back resistor in the same manner as described in the 
electrometer evaluation. Care was exercised during the 
test to ensure that the output signal was a symmetrical 
sinusoid throughout the measurement. This waveshape 
is essential since a signal that tends to rapidly drive the 
positive output to a less positive value will be rate-limited 
by the output filter networks. The feedback loop will 
rapidly force the static inverter to a smaller value, the 
charge retained on the filter capacitor C5 will reverse- 
bias diodes CR18 and 19, and the loop will intermit- 
tently open; the resultant output will then be distorted 
owing to rate limiting. Since the deflection voltages 
consistently increased in magnitude during the mea- 
surement cycle and the system was always in a linear 
mode, this distortion did not occur. The rise time for a 
step-function input that drives the output from +5 to 
+50 v is 70 msec. Since the electrometer was allowed to 
settle out for one interval between the 1,050-v step and 
the calibration interval, the decay time of approximately 
400 msec offered no problem. 

The ultimate null stability of the sweep amplifier 
depends on the tracking characteristic of the balanced 
differential input stage. Changes in differential input 
currents and imperfect tracking of the base-emitter diode 
voltages of the comparator transistors are the most sig- 
nificant factors in the cause of output voltage drift. 
Current drift effects in the input stage are minimized 
by making the Thevenin equivalent resistance of the input 
networks (R1 through R33, Fig. 47) and feedback re- 
sistors (R45, 46) equal to the parallel combination of 
the reference base resistors (R37, 38). Assuming balanced 
collector currents and ,&tracking of the comparator tran- 
sistors, input current changes due to p variation cause 
common-mode signals and are not a significant factor in 
output drift. To ensure common-mode stability, a ther- 
mally compensated constant-current source consisting of 
42, CR12, CR13, and R39 and 40 is used. This thermal 
stabilization is essential, as any change in the current 
source must be absorbed by the input transistor of the 
comparator stage and will then cause input drift cur- 
rents, since the output or referenced side has a regulated 
collector load. Diode CR12 is a low-temperature coef- 
ficient reference zener, and diode CR12 is used to com- 
pensate the base-emitter diode variation of 4 2  in such a 
way as to maintain a constant voltage across R39 and 
R40, and hence a constant current. The current source 
proved to be stable to within 3% at a collector cur- 
rent of 30 pa over a 100°C temperature range. In the 
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Fig. 48. Mariner sweep amplifier loop transmission response 

initial adjustment procedure, the parallel combination of 
resistors R39 and 40 was selected for balanced compara- 
tor collector currents of approximately 15 pa. In order 
to avoid variations in the collector current of the com- 
parator output stage owing to base-emitter voltage varia- 
tion of the subsequent PNP transistor (43) across the 
collector load resistor, a semi-stable current source was 
formed by R35, zener diode CR11, and collector load re- 
sistor R36. Resistors R54 and R55 were added to the 
Mariner design to equalize the collector operating volt- 
ages and thus achieve balance of the collector leakage 
currents. 

The comparator transistors used in the early Ranger 
designs were 2N336 transistors and were carefully se- 
lected for matching characteristics; that is, the various 
values of VeE and the current gains were matched at 
collector currents of 15 pa. In addition, collector leakage 
currents were matched at a VcE value of 12 v. Although 
this procedure was successful, the long-term results were 
not always so, since individual units tended to degrade 
with time. The advent of the passivated planar transistor 
in the fall of 1960 provided a solution to this problem. 

A special unit was obtained which contained two 2N1613 
transistors in a single TO-5 case (Fairchild FSP-2). This 
unit had a higher p and a leakage current lower by an 
order of magnitude than that of the available 2N336’s. 
The common heat sink also contributed markedly to im- 
proved thermal tracking of the comparator stage. By the 
completion of the Mariner development, the superior 
2N2060 was available as a standard (and cheaper) com- 
ponent. The irony of electronic design is that when a 
project reaches the production phase, having taken up to 
a year in development depending on the complexity of 
the task and the available manpower, components in- 
evitably become available which make the present design 
obsolete since they permit vast simplification or increased 
performance. 

Because of the small available input voltages, the large 
dynamic output range, and the necessity to avoid ex- 
cessive power dissipation in the feedback resistor, the 
feedback attenuation 

RS 
Rs + R, 
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Fig. 49. Main sweep amplifier equivalent circuit 

where 

Rs = Thevenin equivalent resistance of all input and 
bias networks 

RF = sweep amplifier feedback resistance 

became very small and thus magnified the effects of 
drift in the input stage. The effects of comparator cur- 
rent and base-emitter voltage drifts on the output may be 
studied with the aid of Fig. 49. In this equivalent circuit, 
the input networks have been replaced by their equivalent 
resistance Rs. It may be shown that 

so that 

where 

The output voltage is given by 

assuming 

Since R, = 111 K and RF = 125 meg, it is seen that 
the algebraic sum of the voltages around the compara- 
tbr base-emitter loop that are due to input drift current 
and improper diode voltage tracking is reflected to the 
output by a factor of about 1,000. It is realized that the 
incremental variation of base currents and base-emitter 
voltages is not a linear function over a wide tempera- 
ture range. Equation (45) is generalized, therefore, in 
terms of the total change of these parameters over a 
large temperature excursion. 

From this result, it can be shown that the small base- 
emitter tracking errors can be compensated by the 
differential base current drift by variation of resistor 
Rref  with respect to R,. For a representative 2N2060 at 
Ic=15 pa, variations of these parameters from -25 to 
+75"C are as follows: 

AIBl = 0.10pa 

AIB2 = 0.14pa 

A( SVBE) = 2.6 mv. 

Substituting these parameters in Eq. (46), 

0.10 x 10-6 x 111 x 103 - 0.14 x 10-6 x R , ~ ~  
= - 2.6 x 10-3 

Assuming and 
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25°C 

Table 8. Output voltage vs. temperature for Ranger sweep system 

70'C step 

-20.3 

-10.1 

- 5.0 

- 2.7 

+ 2.55 

+ 4.85 

+10.0 

4-32.5 

4- 76 

+181 

+ 425 

+ 1000 

Positive 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

- 20.1 

-10.1 

-5.0 

- 2.7 

+ 2.55 

4-4.8 

+ 10.0 

+ 33 

+ 77 

+ 183 

+ 425 

+ 1000 

-20.4 

- 10.1 

- 4.9 

-2.6 

+ 2.7 

+ 5.0 

+10.1 

+ 32 

+ 76 

4-180 

4- 422 

+loo0 

Energy- 
level 
step 

Negative 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0°C 

4-20.5 

+ 10.2 

+ 5.4 

+ 2.7 

- 2.2 

- 4.7 

-10.0 

-31 

-74.5 

- 179 

- 422 

- 995 

Voltage, v 

25OC 

4-20.3 

+ 10.1 

4-5.25 

+ 2.6 

-2.3 

-4.8 

- 10.0 

-31 

- 75 

- 180 

- 425 

- 1000 

70°C 

+20.0 

+ 9.9 

+ 5.0 

4-24 

- 2.5 

-5.0 

- 10.1 

- 32 

- 76 

-181 

- 425 

- 995 

32 

28 

24 

20 

0 0 

> 16 

k7 
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Fig. 50. Thermal drift characteristics vs. reference base resistor for typical Mariner sweep amplifier 
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After the comparator collector currents are balanced in 
the sweep amplifier alignment procedure, the output 
voltage is recorded vs. temperature for different values 
of R,.,[. A family of curves that depicts the test result 
for a typical R4ariner sweep amplifier is shown in Fig. 
50. It is seen that the flattest output characteristic over 
the 100°C temperature range was provided by a 68.1-K 
resistor. This corresponds to an average equivalent input 
drift of 20 pv/OC. Since this adjustment resulted in a 
stable output offset, a reference base resistor of the 
proper value was installed, the precise analog current 
was gated in on the first step (corresponding to 30 v 

output), and a regulated input bias current was adjusted 
to give the correct output voltage. The regulated bias 
voltage is supplied by reference zener diode CR38 with 
an adjustable voltage divider R30 through R32, and the 
bias current is produced by R33. The temperature test 
is then rerun to prove the validity of the adjustment. 

For a typical Ranger sweep amplifier (the Mariner 
design was similar) the output voltage is given vs. tem- 
perature and energy-level step in Table 8. The Mariner 2 
sweep amplifier calibration is presented in the next sec- 
tion, which describes preflight performance. 

V. THE MARINER 2 FLIGHT INSTRUMENT 

A. Preflight Calibrutions 

Four solar plasma instruments were built in prepara- 
tion for the two 1962 launchings to Venus. Construction 
on the third unit, which was to fly aboard Mariner 2, 
was completed on February 9, 1962. Flight acceptance 
environmental tests were conducted between February 
25 and March 5, 1962, during which time temperature, 
vibration, and vacuuni-temperature performances were 
monitored. Between March 5 and May 8, 1962, the 
flight instrument was alternated with other plasma units 
for spacecraft systems tests. When not on the spacecraft, 
each unit was returned to the laboratory for routine 
calibrations and performance checks. The history of 
each unit as recorded in its log book provided an 
abbreviated yet effective instrument life test and 
burn-in record. 

Vacuum-temperature tests were once again performed 
on May 8, 1962, and shortly afterward unit No. 3 was 
shipped with other spacecraft elements to AMR. Final 
laboratory calibration was performed on August 5, 
1962, followed on the next two days by the last space- 
craft systems test. The last useful data observed were 
electrometer calibrations taken in the explosive-safe area 
on August 14, 1962, prior to the move to the launching 

pad. The next message from the instrument did not 
occur until August 29, 1962, about 21/, days after launch, 
when Mariner 2 scientific instruments were turned on. 

The curves and tables presented here describe the 
preflight performance of various parts of the Mariner 2 
solar plasma instrument. Figure 51, for instance, shows 
the result of final adjustment to the electrometer secon- 
dary feedback. Part of the logging operation, which 
started after completed construction of each unit, con- 
sisted of monitoring important instrument performance 
parameters and power supply levels in addition to the 
customary calibrations. Table 9 presents results of 
characteristic measurements taken in the 4-month period 
prior to launching. The mechanical resonance of the 
dynamic capacitor is measured by the frequency of its 
fccdback-driven oscillator. The importance of this mea- 
surement is that large increases in frequency with time 
are indicative of leaks in the modulator vacuum seal, 
which suggest damping effects such as reduction in con- 
version efficiency and alteration in mechanical Q. Ac- 
ceptance standards for frequency stability were based 
upon statistical data obtained from Ranger instrument 
modulators. During this period of time, loop gain var- 
iations were within +1.6 and -3.7 db of the nominal 
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vi,, at /I,, = IO-' amp 
mv 

IO-'' 10-12 10-11 lo-" 10 '~ 10-8 

Fig. 51. Portion of secondary feedback connected 
(p2)  vs. input current 

INPLlT CURRENT, amp 

Temperature" Pressure 
'C Torr 

60 db. Input error signal potentials were, therefore, 
about +2 mv for the tabulated values at input currents 
of amp. As a result, if -2-mv corrections are made 
to tabulated values of Vin, one has a thermal and tem- 
poral history of modulator contact potential. In most of 
the formal thermal tests of each flight unit, the instru- 
ment's temperature stabilized near that of the chamber 
wall or near the ambient temperature, depending upon 
which was controlled. Wherever possible, chassis tem- 

- 26.5 

-26.1 

- 25.4 1 6/28/62 

4- 24 1 aim 

-I- 26 lo-' 
- 9  2 x 1 0 . ~  

1 
- 29.7 

8/5/62 

(Final a t  AMR) 

-I- 23 I otm 

peratures were recorded. Where results are listed for 
tests at atmospheric pressure with no chassis tempera- 
tures recorded (e.g., spacecraft systems tests), it is safe 
to assume a chassis temperature within a few degrees 
centigrade of the recorded ambient temperature. The 
final temperature listed in Table 9 (these values also 
appear in Tables 10 and 11) were somewhat different 
from the previous test values, because the instrument 
and its handling fixture were attached to a Plexiglas 
wall of a rollable vacuum chamber at AMR, and no in- 
ternal thermal control was provided. 

The curves of Fig. 52 provide the basic temperature 
calibration for the electrometer system, but for final 
adjustment they must be normalized to the last tempera- 
ture calibration (columns 2 and 3 of Table 10). The 
effective translational drift of calibrations between May 
8 and August 5, 1962, was about 8 mv. 

Date Modulator frequency 
fo, cps I 
2,259.7 

2,259.4 

2,259.3 

2,261.1 

2,258.8 

2,259.1 

During each spacecraft systems test a fixture attached 
to the plasma instrument permitted remote sequencing 
of electrometer calibration currents. During these tests, 
outputs from both the electrometer and the analog-to- 
digital converter of the spacecraft science Data Condi- 
tioning System (DCS ) were monitored. The results of 
these measurements on the last systems test (August 7, 
1962) are listed in columns 4 to 7 of Table 10. Differ- 
ences between readings taken on ground support equip- 

Table 9. Preflight electrometer performance 

2,260.5 

2,260.9 

2,262.0 

2,260.0 

2,260.8 

2,260.2 

loop gain 
F O  

1,150 

1,150 

650 

1,110 

1,130 

1,110 

1,080 

730 

910 

1,051 

1,110 

1.200 

- 25.8 -I- 68 

-28.4 1 +24 

2 x 1 0 - ~  I 10-5 

1.3 X 10.' 

-28.0 

-23.7 

Unless otherwise noted, all temperatures are those at the instrument chassis. 

' A denotes ambient temperature. 
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Table 10. Final preflight electrometer calibrations 

I I 

Final spacecraft systems testb 

DCS readout, steps 1 
Final instrument calibration" 

En, v 
Equivalent spacecraft 

calibration,' referenced to: 

11, amp 

1 o-s 
lo-7 

1 o-8 
1 o-8 
1 0-1° 

1 0-11 

lo-'* 

10-l3 
o-in g 

-1 GSE re;? 

In vacuum' At atmospheric 
pressured 

1.831 

2.120 

2.375 

2.618 

2.854 

3.073 

3.219 

3.261 

2.855 

1.835 

2.125 

2.380 

2.624 

2.861 

3.095 

3.324 

3.545 

2.860 

Digital output 
in decimal 
numbers 

77 

90 

100 

110 

121 

130 

_. 

- 
121 

1.812 

2.106 

2.352 

2.594 

2.830 

3.040 

2.832 

Corresponding 

value, v 
step center GSE ground 

data, v 

1.810 1.812 

2.1 15 2.102 

2.350 2.357 

2.590 2.601 

2.844 2.838 

3.055 3.072 

- 3.301 

- 3.552 

2.844 2.837 

Digital output 
in octal 
numbers 

115 

132 

144 

156 

171 

202 

- 
171 

Data system, v 

1.818 

2.108 

2.363 

2.607 

2.844 

3.078 

3.307 

3.528 

2.843 

At AMR, 8/7/62. Ambient temperature, 23OC; pressure, 1 atm. 

ambient temperature during systems test. 
z Translated calibration of 8/5/62. Ambient temperature, 23OC; pressure, 1.3 X 10-4 Torr. This calibration assumes chassis temperature equal to 

1 Instrument temperature, 28oC. 
! Instrument temperature, 4OoC; pressure, 1.3 X 

'Calibrations on the spacecraft were generally suspect at or below 10-12 amp because of humidity effects, and therefore were not usually taken. 

Torr. 

Internal calibration. 

ment (GSE) and those taken in the laboratory are 
attributable principally to ground reference differentials 
between measurements. Verification of these grounding 
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differentials was obtained by comparison of GSE-based 
readings with direct measurements at the output of the 
instrument compartment (case 1 of the 6-case Mariner 
hexagonal structure). The calibration in column 8 was 
produced by a -9-mv translation of column-3 data, 
normalizing it to +23"C, and another - 14-mv transla- 
tion of the same data to account for ground-reference 
differentials, a total of - 23 mv displacement. 

The nominal scale-factor and linearity of the analog- 
to-digital converter in the DCS were verified by mea- 
surement of step-crossings in subsystems tests prior to 
the final tests on August 7, 1962. The nominal voltage 
at step center was given by 

V,,, = 0.0235 N (47) 

where N represents the number of quantizing steps. 
Assuming nominal scale factor and linearity for this 
part of the data system, a crude 7-point statistical average 
was taken of the differences between the GSE voltages 
and the center values of the recorded DCS steps. Al- 

Fig. 52. Vacuum-temperature electrometer 
calibrations, May 8, 1962 

though offsets also exist between GSE-based voltages 
and those appearing at the input to the DCS, a single 
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composite calibration characteristic can now be listed, 
based upm the nominal characteristic of the analog-to- 
digital converter (Eq. 47). This is accomplished in col- 
umn 9 of Table 9 by a +6-mv translation of GSE-based 
calibration. 

operated for a total of 118.2 days, and data produced 
by these instrlments were actually recorded by the track- 
ing stations for approximately 104.1 days. Information 
on cruise science experiments was recorded without in- 
terruption for one period of 38.3 days and for three 
other periods of more than 9 days. 

Table 11 contains preflight calibrations of deflection 
voltages. Scale-factor differences between readings taken 
on May 8 and those taken on August 5, 1962 (2%), 
are very likely produced by the different measurement 
equipment used at JPL and at AMR. Probes having nomi- 
nal attenuations of 100 to 1 were used with electrometer- 
type voltmeters, whose analog outputs were recorded on 
a digital voltmeter. The offset shift can be accounted for 
in probe calibration. 

6. Flight Performance 
Mariner 2, the second of a series of spacecraft de- 

signed and developed by JPL, was launched on August 
27, 1962, at 1:53: 14 Eastern Standard Time (EST) from 
AMR by the National Aeronautics and Space Adminis- 
tration. (Mariner I ,  launched on July 22 from AMR, 
had been destroyed after approximately 290 sec of flight 
because of a deviation from the planned flight path.) The 
Mariner 2 spacecraft (Fig. 7) was identical with Mariner 
1 and had the same mission. 

1. General Flight Data 
Of six scientific instruments carried by the spacecraft, 

two were used in close-range infrared and microwave 
measurements of the planet Venus and four performed 
experiments during the flight and in the vicinity of 
Venus and collected and transmitted information on 
interplanetary phenomena. 

The flight to Venus lasted approximately 109 days, 
during which time an over-all flight distance of about 
180 million miles was traversed. At  Venus encounter, 
the spacecraft communicated its scientific data to Earth 
over an interplanetary distance of 36 million miles. 

Radio signals from the Mariner spacecraft were heard 
for the last time by the JPL Deep Space Instrumentation 
Facility station in Johannesburg, South Africa, at the 
conclusion of its acquisition period at 2:OO a.m. EST on 
January 3, 1963. At that time the spacecraft was 53.9 
million miles from the Earth and 5.6 million miles beyond 
Venus, and had traveled 223.7 million miles since launch 
on August 27, 1962. During the 129 days between 
launching and the final loss of radio contact with the 
spacecraft, interplanetary or cruise science instruments 

2. Instrument Performance 
The Mariner 2 solar plasma instrument operated suc- 

cessfully throughout the entire flight, in both the cruise 
and encounter modes. 

The digital programmer that commutated different 
inputs to the high-voltage sweep amplifier operated nor- 
mally. There was no measurement of deflection plate 
voltage, although plasma energy spectra do indirectly 
corroborate the presence of appropriate voltages. Future 
instrumentation should unquestionably provide at least 
a coarse direct monitor of deflection plate voltage. 

Electrometer performance is probably best summarized 
by calibration history and by signal range and fluctua- 
tion patterns. Cruise science was turned on by an Earth- 
transmitted command on August 29, 1962 (day 241), at 
16:13 GMT, about 2% days after liftoff. The spacecraft 
was then Sun-oriented, rotating approximately once 
every 120 min about its roll axis. Earth acquisition took 
place on day 246, at which time the steerable directional 
antenna was optically pointed towards the Earth and the 
spacecraft roll motion stopped. ( A  chronology of im- 
portant spacecraft events such as this is shown in Table 
12; see also Ref. 21.) The first calibration change took 
place 6 hr after the Earth-reacquisition sequence that fol- 
lowed a midcourse correction. The calibration output 
(programmer step 12) dropped one DCS step (23.5 mv/ 
step) in an unexplained fashion (see Table 13). On day 
281, another downward shift of two DCS steps occurred. 
On day 315, the calibration value began increasing, and 
by planet encounter it had returned to 120. The expected 
shift for the entire flight was between two and three steps 
increase. Therefore, at least part of the increase in cali- 
bration value after day 315 can be explained by expected 
changes due to temperature. The three-step increase after 
day 315 denotes a shift of between 47 and 94 mv, and 
vacuum-temperature histories account for 36 mv. 

In comparing these shifts with other spacecraft events, 
it was noted that the science temperature measurement 
for the magnetometer shifted about 1.2 DCS steps on 
day 281. The engineering temperature measurements 
did not record a similar shift. Since the magnetometer 
temperature is measured on a seven-bit channel, this 
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Table 12. Spacecraft events affecting cruise sciencea - 
No. 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Even? 

liftoff 

Cruise science on 

Earth-acquisition 
sequence 

Midcourse maneuver 
sequence 

Earth-reacquisition 
sequence 

Reacquisition sequence 
loss o f  orientation 

Reacquisition sequence 
loss of orientation 

Power foilure 

Power foilure 

Planet encounter mode 

Spocecraft's last 
signal 

239 

241 

246 

247-248 

248 

25 1 

272 

304 

31 9 

348 

003 

Cruise-science 
OFF timeb 

days hr min 

2 9 20 

30 

1 44 

26 

30' 

30' 

8 6 52 
- 

t Ref. 21. 
Total elapsed time was 129 days, 17 min; cruise-science ON time was 118 
days, 4 hr, 15 min. 

' Estimated. 

Table 13. Electrometer calibration history 

I T;:z,a:y I Calibration 
Day step 

242-248 

248-281 

281-281 

281-31 5 

3 15-325 

375-337 

337-001 

85-89 

89-100 

100 

100-122 

122-133 

133-146 

1 46-1 70bP 

120 

119 

118 

117 

118 

119 

120 

Duration of I calibration, doyr 

6 

33 

11 hr 

34 

10 

12 

23 

Temperatures are listed in degrees Fahrenheit, the same units used in instru- 
ment temperature transducer calibrations. 

' Maximum telemeterable temperature was 153'F. Maximum readings during 
this period were estimated. 
Maximum heating occurred near perihelion, December 27, 1962 (day 361). 1 

shift, if attributable to translational effects in common 
data elements such as a ground reference, would cor- 
respond to a 2.4-step decrease on the eight-bit plasma 
channel. During this time, the threshold of the discrim- 
inator in the electrometer assembly was being regularly 
exceeded by effects of negative background current, A 
table of discriminator thresholds obtained from electrom- 
eter data maxima revealed a two-step downward shift 
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concurrent with the change in electrometer calibration. 
The simultaneous downward shifts of plasma calibra- 
tion, discriminator threshold, and magnetometer tempera- 
ture measurements suggest translational or offset effects 
between at least these two instruments and the staircase 
generator of the analog-to-digital converter in the DCS. 
If nominal calibration current is assumed during the 
flight ( actual internal test-current variations about the 
adjusted value at 23°C are ~ 8 %  at temperatures of -10 
and + 70" Cy respectively), preflight temperature-vacuum 
calibrations can then be normalized to the equivalent 
step center value of the flight calibration with an un- 
certainty of k11.75 mv. The uncertainty may be appre- 
ciably reduced by interpolation between points on a plot 
of step-crossings vs. time, especially where the resultant 
curve is a monotonic function of time. 

To extract meaningful data from the instrument with 
negative or very-low-value positive input currents, one 
should consider the electrometer operation between the 
discriminator threshold and the low-current end of the 
static characteristic. Negative background current may 
be caused by sunlight reflecting down the blackened, 
curved deflection plates and liberating electrons from 
the suppressor electrode. It may also be caused by ener- 
getic electrons reaching the collector cup after having 
been scattered from the walls of the analyzer deflection 
plates at least twice. This background current fluctuated 
throughout the flight and on occasion was observed to 
be as high as amp. The minimum net positive 
current needed to charge the capacitance of the electrom- 
eter feedback compressor from the discriminator thresh- 
old to the proper point on the static characteristic is 
calculated to be 5 X 10-13 amp when the voltage ex- 
cursion is 2 v, the time interval is 20 sec, and the 
diode capacitance is 5 pf. All net positive currents above 
5 X amp may be taken directly from the static 
characteristic. An integration calculation may be used 
for average positive currents of less than 5 X lei3 amp 
when the electrometer feedback capacitance is in a highly 
discharged state. The integration scale factor for this 
condition is 6 X amp per DCS step per measurement 
time interval. An electrostatic transient caused by the 
reed switch coil in sequencing from calibration to energy 
level No. 1 usually leaves the electrometer output near 
the discriminator threshold at the end of Step 1. The 
ability of a 3 X 10-13 amp current to restore the output 
to its steady-state value within 20 sec is illustrated in the 
transient record of Fig. 53. Transients occurring in higher 
steps are produced by the coupling of minute amounts 
of energy from the deflection system to the electrometer 
(sometimes by test cables). 
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P R O G R A M M E R  STEP L E V E L ,  20 sec/step 

Fig. 53. Electrometer transient response 

In the encounter mode, odd-step sampling intervals 
are reduced to approximately 1/6 of the cruise intervals. 
In this condition, the minimum current required to 
charge the electrometer to its correct steady-state value in 
odd steps, when the feedback capacitance is in the maxi- 
mum discharged state, is six times the cruise threshold 
or 3 X lo-’* amp. However, worst-case conditions did 
not generally apply during actual planet encounter, and 
most odd-step data were therefore directly usable with 
no corrections required. Step-1 readings were different 
from cruise-mode readings owing to the switch coil tran- 
sient, but even there the results were very predictable. 

3. Scientific Results 
The solar plasma experiment required 3.7 min to 

acquire a complete energy spectrum of the plasma and 
during the flight of Mariner 2, approximately 40,000 
such spectra were obtained. Perhaps the most interesting 
new information to arise from the very large volume of 
data on interplanetary fields and particles is the denion- 
stration that solar plasma flowing radially out from the 
Sun was detectable in every one of the 40,000 spectra 
obtained in the 4-month mission and is therefore presum- 
ably always present. 

The solar wind has been explained theoretically as a 
continuous expansion of the solar corona. Mariner 2 
results show that the velocity of this expansion (if such 
is the mechanism) undergoes frequent fluctuations. Ap- 
proximately 20 occasions were seen when the velocity 
increased within a day or two by amounts of 20 to 100 
percent (Ref. 22, 23, 24). Indeed, solar wind velocities 
observed during the flight varied from 200 to 500 mi/sec. 
The fluctuations correlate very well with the amount 
of magnetic disturbance observed on the Earth, and in 
several cases sudden and sharp increases in the density, 
velocity, and temperature of the plasma preceded the 

onset of sudden magnetic storms on the Earth. The time 
delay was attributable to the fact that Mariner was al- 
ways inside the Earth‘s orbit, so that the outward-moving 
plasma cloud would generally reach the spacecraft first. 
The following interesting account of one such magnetic 
disturbance was published on December 7, 1962, before 
Venus encounter (Ref. 25): 

“There were six geomagnetic storms during the 
period August 29 through October 18. Figure 2 
[not included] shows the plasma flux for the period 
of the geomagnetic storm which started at 2025 UT, 
October 7. One could see a sudden increase in plasma 
flux and energy at about 1547 UT, October 7, when 
the spacecraft was 8.55 X lo6 km closer to the Sun 
than was the Earth. If it is assumed that this 
plasma front was advancing with spherical symmetry 
and constant velocity from the center of the Sun 
(at least for the region of space containing the 
spacecraft and the Earth), then the velocity of the 
front was 504 km/sec. This velocity corresponds 
fairly well to the measured plasma velocity spectrum 
in which more current was measured at 464 km/sec 
than at 379 or 563 km/sec. 

“The discontinuity, or plasma front, passed the 
spacecraft so quickly that the instrument with its 
3.7 min time resolution could not resolve its struc- 
ture, which must therefore be less than 112,000 km 
thick. The Mariner magnetometer data for this 
period could be interpreted as showing a front 
thickness of the order of 50,000 km.” 

During the flight, scientific data became available in 
several forms such as quick-look telemetry data, decom- 
mutated telemetry data, hand-tabulated copies of the 
decommutated data, and computer-plotted spectra. Table 
14 shows a page of hand-collated data. On this occasion, 
currents above + amp were observed only in energy 
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levels 4, 5, and 6. Peak currents at that time were occur- 
ring in level 4 with a particle flux corresponding to a 
current of about 5 X lo-,, amp. Over the course of the 
experiment, net positive currents were observed in steps 
3 to 10 with peaks occurring in steps 4 to 8. The largest 

current observed during the flight was about 4 X 10-lo 
amp. During these periods of intense solar activity, elec- 
trometer outputs at supposedly quiet adjacent energy 
levels gave evidence of an integrating-type discharge cor- 
responding to currents of up to -1O-l3 amp. 

NOMENCLATURE 

Abbreviations 
AMR Atlantic Missile Range 

DAS Data Automation System 

DCS Data Conditioning System 

GSE Ground Support Equipment 

Symbols 
(1) area 
(2)  amplifier gain 

dc voltage gain of entire electrometer 
A, = G,  G,. 

feedback factor, loop gain, or loop 
transmission ( F )  

coupling capacitance 

source capacitance (rest capacitance) 

coupling capacitor 

vacuum dielectric coupling capacitor 

equivalent capacitance 

interelectrode capacitance 

feedback capacitance 

collector-to-shield capacitance 

instantaneous value of dynamic capacitance 

separation between plates 

energy 

open-circuit preamplifier output voltage 

( 1) contact potential 
(2 )  energy required for a trajectory with a 
constant radius of curvature for normally 
incident, singly charged particles 

average demodulated signal 

open-circuit output voltage of the triplet 
amplifier, or equivalent input voltage 
to demodulator 

output voltage 

peak voltage 

test voltage 

loop transmission (AP) 

dc loop transmission 

resonant frequency 

gain crossover frequency 

gain crossover frequency with secondary 
feedback 

dc voltage gain of carrier section (modulator 
to demodulator) 

gain of dc filter-amplifier 

ac voltage gain of carrier amplifier 

transfer impedance normalized to feedback 
resistance R,  

total emission current 

initial-velocity electron current 

primary current in preamplifier input 
transformer 
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NOMENCLATURE (Cont'd) 

capacitor current during switch closure 

transistor base current 

capacitor current during switch opening 

circulating current 

collector cutoff current 

feedback current 

filament current 

input current to diode grid or diode plate 

transient or instantaneous value of input 
current 

dc plate current 

9 
(1) Boltzmann constant 
(2) closed-loop gain 

closed-loop gain with infinite feedback factor 

slope of the semilog diode characteristic 

number of quantizing steps in analog-to-digital 
converter 

Laplace operator 

(1) resonant selectivity 

(2) charge 

electron charge 

mechanical Q 

input resistor to dynamic capacitor 

equivalent resistance during demodulation 
switch closure 

equivalent resistance during demodulation 
switch opening 

dynamic resistance of diode CR1 in parallel with 
R7 and R8 

dynamic resistance of a diode in its retarded field 
region 

sweep amplifier feedback resistance 

electrometer feedback resistance 

) 
resonant frequency ( 3-db bandwidth 

current-forming resistor connected to 
electrometer input 

leakage resistance 

resistance seen at primary of preamplifier 
transformer 

resistance in reference base of sweep amplifier 
differential comparator 

Thevenin equivalent resistance of all input and 
bias networks in sweep amplifier 

transistor collector stability factor. Sic = - 

where I ,  = collector current and I,, = collector 
cutoff current 

temperature in degrees Kelvin 

time 

arc 
ai,, 

(1) dc bias voltage 
(2) transistor base voltage 

transistor base-to-emitter voltage 

transistor collector-to-emitter voltage 

voltage across coupling capacitor 

coupling capacitor voltage at start of cycle 

capacitor voltage as represented in complex ( p )  
plane 

translational offset voltage 

series generator voltage in feedback loop 

dc input voltage to dynamic capacitor assembly 

nominal voltage at center of analog-to-digital 
converter step 

plate voltage 

average demodulated output voltage 

voltage across secondary of preamplifier input 
transformer 

source reactance of modulator capacitance 

reactance of vacuum dielectric capacitor (C,) 

reactance of coupling capacitor C2 
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NOMENCLATURE (Cont'd) 

equivalent series reactance pz portion of output returned to secondary 

feedback impedance 

input impedance 

preamplifier open-circuit output impedance 

damping capacitor 

dielectric constant of free space eo 

vc conversion efficiency 

qD demodulation efficiency 
transfer impedance 

inverse short-circuit emitter-to-collector current 
gain 

90, dc or steady-state demodulation efficiency 

T time constant 
- 

angular frequency (1) short-circuit base-to-collector current gain 
(2) portion of output returned to summing point m,, angular resonant frequency 
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